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SUMMARY
Factors sensitizing the erythrocytes in-vivo during acute
Salmonella gallinarum infection in chickens, the probable mechanism
of the associated haemolytic anaemia,and the respective roles played
by the phenomena of in-vivo erythrocyte sensitization and the haemo¬
lytic episode in the overall pathogenesis of this disease syndrome,
were investigated.
Detailed pathological study of the blood during the acute
disease showed that, at the time of death, the infected chicken had
developed a very severe anaemia and leucocytosis. By relating the
reticulocyte response and the absolute haematologic values to the
gross and histopathological changes in the bone-marrow, spleen and
the liver, it was shown that the anaemia observed was not of the
dyshaemopoeitic type; it was, however, macrocytic and normochromic.
It was observed that the erythrocytes regularly became
sensitized in-vivo during infection and this was subsequently shown
to be a common occurring phenomenon in this disease. By examining
the biologic, serologic, immunologic, immunochemical and electro-
phoretic properties of these in-vivo sensitizing factor(s) it was
conclusively established that these factors were specific bacterial
1ipo-polysaccharide and its homologous antibody.
Examination of the patterns of sensitization revealed 4
types of in-vivo erythrocyte sensitization, which were found to be
intimately related to the severity and mortality of the haemolytic
and the disease syndromes respectively. It was also shown that,
chickens in which erythrocyte sensitization was detected, a charac¬
teristic binodal erythrocyte fragility curve could be demonstrated.
Techniques were developed for obtaining from infected
animals/
destruction. It was demonstrated that the sensitized cells
recovered from infected animals may consist of a mixed, hetero¬
geneous cell population of a small minority of •maximally' sensi¬
tized erythrocytes and a larger number of non-sensitized reticulo¬
cytes .
Normal chicken serum was found to contain a high con¬
centration of heat-stable, non-gamrna globulin components which
inhibit erythrocyte sensitization by bacterial polysaccharide.
These inhibitors, determined to act by either neutralising or
altering the polysaccharide in such a way as to prevent its sub¬
sequent adsorption by the erythrocyte, were also shown to be signi
ficantly decreased in concentration at the peak of the haemolytic
episode during acute fowl typhoid.
A moderately severe imrnuno-haemolytic anaemia could be
induced in chickens by single or multiple injections of endotoxin;
evidence for the unequivocal participation of specific antibody
in the production of this .anaemia was obtained by challenging
endotoxin-injected chickens with homologous anti-endotoxin anti¬
body.
The significance of the anaemia in the overall pathogen*-
esis of this infection was investigated and it was shown that the
anaemia per se did not increase the susceptibility of the chicken
to endotoxin. However, prior intravenous administration of in-
vivo sensitized, homologous or normal, heterologous erythrocytes
markedly decreased the of the subsequently injected endo¬
toxin. This latter increase in susceptibility to endotoxin .
was/
was suggested to be due to a blockaded reticulo-endothe 1ial
system, resulting from increased phagocytosis of the foreign
and altered homologous erythrocytes.
These results were discussed in relation to the immuno¬
logical basis of the mechanism of the anaemia and the significance
of this anaemia in the overall pathogenesis of this disease syn¬
drome. It was submitted that they were consistent with the
hypothesis that the anaemia is the consequence of an immune re¬
action, involving the specific bacterial polysaccharide and homo¬
logous antibody. Furthermore, the anaemia plays an extremely
important role in the pathogenesis of the fowl typhoid syndrome.
The possibility that similar phenomena and iinnunologic
mechanisms may be occurring in other acute gram-negative bacterial
infections was also stressed.
vi i .
FOR-SYfQRD
The present studies arose as a sequel to earlier
observations by Buxton (1959a) that in-vivo modification of avian
erythrocytes with bacterial antigen occurred following oral infection
of fowls with S. n;al 1 inarum, and that chickens fatally infected may
develop a severe haemolytic anaemia (Buxton, I960).
The relationship between these phenomena has been
explored and evidence is presented that an immunological mechanism
is responsible for the destruction of erythrocytes with consequent
anaemia.
The chief objects of study therefore have been the
pathogenesis of this anaemia and its significance in the disease
syndrome. The value of this particular disease as an ideal
experimental model for the study of the mechanism of anaemia of
acute microbial infections of both human and animal origin,
particularly those caused by gram-negative bacteria, is also stressed.




One of the persisting problems of gram-negative
bacterial infection is the exact role the organism plays in the
evolution of the disease. Salmonellosis, and fowl typhoid in
particular, are no exceptions to this general rule of incomplete
knowledge of the pathogenesis of these infections.
Salmonella gallinarum has been known as the causative
agent of fowl typhoid ever since Klein (1889) first isolated the
organism and recorded the disease in England. According to
Beaudette (1930), however, Lemaitre had claimed to have seen such
1typhic epizootics' in France as long ago as 1832 and 1849. In
1895, Moore isolated an organism, which later proved to be the same
as Klein's, from an outbreak of an acute disease in chickens which
he named "infectious anaemia". Moore (1895) applied the name
Bacillus sanaiuinarium to his organism since he was not aware that
it was the same as the one with which Klein had worked. Later,
Curtice (1902) studied the disease and named it "fowl typhoid"
because it v/as considered to be analogous to typhoid in man.
Since then many aspects of the disease problem have
been investigated with the main objects of assessing and evaluating
its economic and public health importance, together with methods of
control and chemotherapy (Gordon and Buxton, 1946; Gordeuk, Glantz,
Callenbach and Thorp, 1949; Buxton, 1952; Smith, 1955; 1956;
Harbourne, 1958; Gordon, Garside and Tucker, 1959). A general
review/
2.
review of these aspects of salmonellosis in animals has been
published by Buxton (1957).
( I ) P VTTTOGSNFS15
General: The paucity of reports on the pathogenesis of
S.gal 1inarum infection in chickens are probably due to the fact that
nearly all studies to date have been devoted essentially to aspects
of the nature and significance of the "natural resistance factor"
to fowl typhoid (Prince and Garren, 1964; 1966; Prince, 1965;
1966; Solomon, 1968).
The first detailed study of the pathogenesis of this
infection was by Smith (1955) who found that contrary to the common
view that S.gal 1inarum inhabited, and multiplied, in the alimentary
tract all the evidence indicated that any S. gal 1 inarum bacteria
found in the intestinal lumen originated from infected foci in the
tissues. For example, S.gal 1inarum was never isolated from the
intestinal contents unless it was found in the intestinal wall or
in one or more organs which communicated with it. Also, when
S.gal1inarum bacteria were administered to susceptible chickens by
mouth they rapidly disappeared from the faeces and only reappeared
when the infection had become generalised. The pathogenesis of
this disease was then suggested to closely resemble S.typhimurium
infection in mice (mouse typhoid).
It is believed that symptoms and death of individuals
infected with Salmonella arise from the action of bacterial endotoxin
on host tissues (Dennis and Saigh, 1945; Spink and Anderson, 1954;
Taylor, Maltby and Payne, 1959; King and Wood, 1958; Noyes,
Mclnturf and Blahuta, 1959; Okonogi, Fukai, Mitsuhashi, Nagai and
Kawakami/
3.
Kawakami, 1959; Grabar, 1959; Viznitzer, Better, Rachlin, Atkins,
Frank and Fine, I960; Taylor, Wilkins and Payne, I960; Harvey
and Carne, I960; Buckland, I960; Cameron, Holtman and Jefferies,
I960; Griesman, Hornick, Carozza and Woodward, 1964; Griesman,
Hornick, Y/agner, Y^oodward and Woodward, 1969; Heddleston, Reberts
and Ritchie, 1966). Recognising, therefore, the importance and
significance of salmonella 1ipopolysaccharides as a cause of
physiological dysfunction in the host (Thomas, 1954; Atkins, I960;
Landy and Braun, 1964; Zweifach and Janoff, 1965; Nowotny, 1969),
Buxton (I960) has suggested that the response of the chicken to
preparations of S.gal1inarum polysaccharide given under various
conditions, could be closely applied to the study of the patho¬
genesis of fowl typhoid. This author was of the opinion that
symptoms and death of chickens were due to the ability of
S.gal1inarum to multiply rapidly in the host, since it was during
the bacteraemic phase that the main symptoms of acute infection could
be observed. These included greenish-yellow diarrhoea, loss of
weight, inappetance, increased thirst, and shortly before death,
the symptoms were typical of a developing anoxia, 1ist1essness,
weakness of the legs, cyanosis of the comb and wattles and an
apparent state of coma with eyes closed, occasional respiratory
gasping, sudden collapse and death. These latter symptoms were all
observed within one or two hours before death.
In subsequent studies, Buxton and colleagues (Buxton
and Allan, 1963; Buxton and Davies, 1963) assembled suggestive
evidence strongly indicating that hypersensitive reactions may be
the important factors in the symptomatology and pathogenesis of
S.gal 1inarum/
4.
S.gallinarum infection. The striking similarity between the
clinical signs of the acute form of fowl typhoid (Buxton, 1957;
I960) and anaphylactic shock in birds (Makinodan, Wolfe, Goodman
and Ruth, 19 52; Aronson, Bits tad and V.rolfe, 1961) led Buxton and
co-workers to suggest that, rather than resulting from toxaemia,
it seemed to them that the main manifestations of S,gal1inarum
infection could be explained to a large extent by the hypersensitive
reactions. The results of their experiments showed that during the
early stages of infection, circulating leucocytes develop a marked
susceptibility to cytophilic antibodies in serum and later to
bacterial polysaccharide (Buxton and Allan, 1963). At the time
that these cytophilic antibodies are being produced by chickens
infected with S.gal1inarum. bacterial polysaccharide was rapidly
accumulating in the tissues (Buxton and Davies, 1963). Thus, the
presence of homologous antibody and bacterial polysaccharide in the
tissue of infected birds at death, and the active production of
cytophilic antibody prior to death, suggested to them that an
antigen-antibody reaction, developing as an anaphylactic type of
hypersensitivity (Type I Gell and Coombs (1968) hypersensitivity),
may be closely associated with the production of symptoms and death
of infected chickens.
The Anaemia in Fowl Typhoid: One of the commonly recorded symptoms
of acute S.gal1inarum infection is the anaemia (Ward and Gallagher,
1920, Cook and Dearstyne, 1934; Wilson, 1946; 1961; Menzies,
1947; Hungerford, 1951; Buxton, 1957; 1959b; I960; Hagan and
Bruner, 1961; Hall, 1965; Smits, 1966). Surprisingly, however,
only few detailed quantitative haematologic studies of this disease
have/
5.
have been reported. Ward and Gallagher (1920) had reported that
nearly half the total number of erythrocytes had been destroyed
by the end of the acute disease. They also observed a massive
3
leucocytosis (from 18.9 to 245 x 10 cells), and they made this
interesting observation: "many red blood corpuscles are attacked
by leucocytes" at the height of infection.
The first correlated study of the inter-relationships
between clinical signs and patho-morphology of blood cells during
this disease was by Cook and Dearstyne (1934). They related the
development of the disease to changes in the blood cells, and showed
that during the initial stages of the disease, the heterophils and
monocytes increased in numbers only slightly, whilst the total
erythrocyte numbers, haemoglobin and lymphocyte levels fell.
Subsequently during the infection, the haemoglobin content progress¬
ively decreased and in greater relative proportion than the total
circulating erythrocytes. In contrast, the heterophils and
monocytes continued to increase dramatically in some of the infected
animals until death supervened.
Subsequent reports on anaemia have varied from
observations of congestion and cyanosis of comb and wattles
( ilson, 1946; Buxton, 1959,6) and acute anaemia (Smits, 1966) to
descriptions of rapid breakdown of red cells leading to paleness of
the comb and anaemia (Hungerford, 1951). Hungerford had also
observed that "in most severe cases, the comb and wattles were
rather dark, and the breathing was accelerated and gasping".
Menzies (19 17) has repoi'ted the comb and wattles to be either pale
and bloodless or very dark and congested. He also found that the
visible/
visible mucous membranes were unusually very pale and the
suggestion was then made that it was the increased destruction of
erythrocytes which led to the observed severe anaemia. He estimated
that the erythrocytes may be reduced to half the normal number in a
few days during infection, whereas the leucocyte numbers were
enormously increased. Another interesting observation made by
Menzies was that the blood generally appeared thin and watery and
did not clot readily. Recently, Hall (1965) made similar
observations that the pale comb and wattles generally became more
darkly coloured as the disease progressed, and this was regarded
as evidence of anaemia and cyanosis.
The first report which gave an indication of the
severity and degree of the anaemia was by Buxton (I960), who studied
the changes which occurred in haemoglobin levels and fragility of
erythrocytes during acute S.gal 1inarum infection. He observed
that chickens fatally infected with fowl typhoid may characteristic¬
ally develop a severe haemolytic anaemia. During the 3 days
preceding death, haemoglobin concentrations showed a rapid decline
to approximately one half, or one quarter, of the normal levels.
Chickens which survived oral dosage of S.gal1inarum showed reduced
levels on the eighth day after infection, and these levels began
to return to normal on the tenth to fourteenth days in those birds
which became clinically normal. However, in contrast, chickens
which died a few weeks later, the haemoglobin levels remained at a
constant sub-normal level.
Hagan and Bruner (1961) have also described a rapidly
developing anaemia and leucocytosis during the acute infection.
In addition, they found that one of the main post-mortem
lesions/
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lesions was a "thin anaemic blood" which was always associated
with a splenomegaly.
The mechanism of anaemia of this disease has not been
defined, but studies by Buxton (1959a; I960) have indicated that
it may result from an increased destruction of abnormal erythrocytes.
Buxton (I960) found that during acute fowl typhoid, circulating
erythrocytes developed an abnormal fragility, and also became
sensitized (Buxton, 1959a). Sensitization was detected when the
erythrocytes were first exposed to anti-S.gallinarum serum and
then treated with an anti-chicken whole serum. The resulting
positive reactions led Buxton to suggest that the antiglobulin serum
was detecting anti-S.gallinarum antibodies which had reacted against
in-vivo adsorbed specific bacterial antigen. He also reported that
these erythrocyte alterations were demonstrated only when the peak
of bacterial infection had developed. From these observations he
suggested that the development of the haemolytic anaemia of fowl
typhoid is the result of increased ability of the reticuloendothelial
system (RES) to increasingly take up both liberated bacterial
polysaccharide and in-vivo sensitized erythrocytes.
The Anaemia in Acute Bacterial Infections in General: There have
been little attempts in the past to clearly distinguish between
the large groups of anaemias associated with acute and chronic
bacterial infections; the tendency has usually been to refer to
both groups of anaemia as the "anaemia of infection" (Saifi and
Vaughan, 1944; Wintrobe, Greenberg and Cartwright, 1946; Cartwright
and Wintrobe, 1952; Mitus, 1966).
Although significant anaemia is frequently found
associated with chronic disorders, it is a less common event in the
course/
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course of acute infections (Cartwright and Wintrobe, 1952;
Wintrobe, 1967; Editorial, 1967). In these reports, it was
stated that when associated with an acute infection, the anaemia
usually resulted from accelerated haemolysis. Previously, however,
Saifi and Vaughan (1944) had contended that the anaemia of acute
infection is dyshaemopoeitic, and was due to interference with the
synthesis of haemoglobin the result of maturation arrest in
the bone marrow. However, as their results included reticulo-
cytosis, hyperfunction of the bone-marrow and absence of aplasia
of erythropoeitic tissue, this would suggest that, contrary to
their view, the anaemia was not dyshaemopoeitic. Later, Brown
(1950) in a study of anaemia v/hich complicates certain acute
infections and sepsis, put forward evidence to support the thesis
that excessive haemolysis frequently plays an important part in the
pathogenesis of anaemia of acute bacterial infections.
It is now generally believed that the anaemias
associated with gram-negative bacterial infections, especially those
of the mterobacteriaceae, are haemolytic (Dacie, 1967). These
bacteria are generally regarded as non-haemolytic, and Dacie has
suggested a number of possible mechanisms and phenomena by which
an acute infection could damage and rapidly destroy erythrocytes
in-vivo. These include T—antigen transformation; the Thorasen-
Friendenreich and polyagglutinabi1ity phenomena (Reepmaker, 1952;
Neter, 1956; Mishra, 1959; Chorpenning and Hayes, 1959; Dausset,
Moullec and Bernard, 1959; Springer, 1963); hypertrophy of RES;
splenomegaly and splenic hyperseqtiestration (Jandl, Jones and Castle,
1957; Jandl, Jacob and Daland, 1961; Craddock, 1962; Wagner,
Iio and Hornick, 1963); auto-immune effect of bacteria on erythro¬
cytes/
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cytes (Dacie, 1963; Bedarida, Dernasconi and Polloni, 1961);
direct effect of bacterial polysaccharide on erythrocytes — 'indirect
bacterogenic agglutination' (Dacie, 1967).
(2) IMim oIlYTHKOCYTC S JN."ITIZATION ANn AXAilStIA
A large variety of bacterial antigens readily become
attached in-vitro to the surface of erythrocytes of various animal
species, as first shown by Keogh, North and Warburton (1948) and
later reviewed by Neter (1956). As a result of this sensitization,
the erythrocytes can be agglutinated by the homologous bacterial
antibodies, and in the presence of complement, haemolysis may occur,
Lipopolysaccharides (endotoxin) extracted from the
Salmonellae are readily adsorbed in-vitro on to the surface of
erythrocytes, and this has been studied in detail by paun (1952)
and Fulthorpe (1954). Subsequently, Fieburth (1957; 1958) used
the indirect or passive haemagglut inat ion test in studies on aviaui
salmonellosis without realising the potential biological significance
of the process of adsorption. In earlier studies, however, Gear
(1955 - 1956) had recognised the possible clinical significance of
this process in the statement; "It is likely that a similar
sensitization of red cells and possibly other tissue cells takes
place in-vivo in the course of many of the infective diseases".
The attachment of a bacterial antigen to erythrocytes
in-vivo and subsequent destruction of the modified cells by
homologous antibodies has been postulated to explain the various
haemolytic episodes which have been described in association with
certain viral diseases (Moolten, Clark, Glaser, Katz and Miller,
1953; Dacie, 1963), helminth (Koppisch and Oliver-Gonzalez, 1959),and
protozoan/
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protozoan (Zuckerman, 1964; McGhee, 1965; Cow, 1966), diseases and
in penicillin hypersensitivity ^Beardwell, 1964; Petz and Fudenberg,
1966; Levine and Redmond, 1967; Croft, Swisher, Gilliland,
Bakemeier, Leddy and Weed, 1968)
Moolten and co-workers (1953) had observed in-vivo
fixation of virus 'products' on erythrocyres and an associated
haemolytic anaemia as a result of blood stream invasion by Newcastle-
disease virus, Ko^pisch and Oliver-Gonzalez (1959), working with
extracts of ascaris, were able to sensitize mice erythrocyte in-vivo,
and also observed the in-vivo agglutination of such cells. They
suggested then that the anaemia of many helminth diseases might
have resulted by this mechanism. A similar mechanism was also
postulated by McGhee (1965) and Cow (1966) to account for the
haemolytic anaemia which sometimes develops during malaria infections.
These authors were independently able to produce haemolytic anaemias,
in ducklings and mice respectively, by the injection of soluble
antigens of Plasmodium. These interesting observations have so far
not been confirmed by other workers. Similarly certain drugs,
es >ecial ly penicillin, becomes strongly bound to the erythrocyte
membrane, and on the appearance of the anti-penici11in antibodies,
is quickly destroyed (Levine and Redmond, 1967; Croft et al., 1968;
Carstairs, 1968; Worlledge, 1969).
As far as bacterial infections are concerned, the
problem is whether in-vivo adsorption of bacterial antigen(s) and
subsequent anteraction of antibody and antigen(s) at the erythrocyte
surface also occurs, and if so, whether this can produce erythrocyte
destruction. A few clinical and experimental studies have shown
that /
theit in-vivo sensitization of erythrocytes may occur during the
course of bacterial infections (Buxton, 1959a; Stratton and
Renton, 1959; Saito, Konishi, Matsui, Inaba and Okumura, 1961;
Young, Gillem and Akeroyd, 1962; Springer and Ansell, 1962;
Springer and Horton, 1964; Springer, 1964). However, the
occurrence of overt haemolytic anaemia as a direct consequence of
sensitization does not seem to have been conclusively proved:
(a) Clinical Studies cn Sens i t izat i on : Skillman,
Spurrier, Friedman and Schwartz (1955), claimed that patients with
active rheumatic fever had their erythrocytes sensitized in-vivo
with streptococcal antigen. Although a number of studies have also
indicated that in-vivo sensitization may occur with certain gram-
negative bacterial infections (Young et a 1, 1962; Springer and
Ansell, 1962; Springer and Horton, 1964; Springer, 1964)
nevertheless, overt haemolysis was not reported to have occurred in
any of these cases.
Using the indirect antiglobulin haemagglutination
test, Buxton ( 1959=!.) had reported that he was able to detect in-vivo
sensitization of erythrocytes with bacterial antigen 8 to 10 days
following oral infection of chickens with S.gal1inarum. He
suggested that maximum growth and destruction of S,gal1inarum results
in the temporary inability of the RES in infected chickens to
absorb all available bacterial products, and that a proportion
becomes adsorbed on to the surface of circulating erythrocytes.
In 1961, Saito and colleagues recorded that ln-vivo
erythrocyte sensitization with polysaccharide occurred in 24 out of
67 patients with active pulmonary tuberculosis. Even though they




interesting to note that severe haemolytic episodes in animal
and human patients with active tuberculosis have been described
by many workers (Fisher, 1947; Mdllison, 1947; Lindeboom, 1950;
Sandage, Brandt and Birkeland, 1951; Klimes and Celer, I960;
Jandl, Jacob and Daland, 1961).
Some interesting observations in man on in-vivo
erythrocyte sensitization have been made by Young, Gillem and
Akeroyd (1962). They reported that erythrocytes from two infants
with gastro-enteri ti s, caused by £. col i 0-127 and 0-86 respectively,
were shown to have acquired bacterial polysaccharides on their
erythrocytes during a relapse phase of their diarrhoea.
•Incomplete' antibodies were said to have adsorbed on to the
patients' erythrocytes because the antiglobulin test was positive
with each infant's erythrocytes, using anti-human globulin sera.
The erythrocytes also agglutinated when first exposed to rabbit
ant i -JE. col i immune sera and then treated with an ant i-rabbit globulin
serum. From the data, Young and her co-workers suggested that
bacterial polysaccharides, some of which have blood group B-like
antigens, cross the intestinal mucosa to enter the infants'
circulation during attacks of diarrhoea caused by the E.coli
pathogens.
Similar findings, where blood group B antigens have
been detected in children suffering from severe gastro-enteritis, and
in chickens which had been previously shocked or given purgatives
prior to infection with the pathogenic E.coli. have also been
reported (Springer and Ansell, 1962; Springer and Horton, 1964;
Springer, 1964). In some of these cases. Springer and colleagues
showed that sensitization was sufficient to produce direct
haemagglutination/
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haemagglutination of these erythrocytes when exposed to anti-S.coli
antiserum. The significance of the above findings is demonstrated
by the finding that blood group B-like antigens are identical
antigenically to bacterial polysaccharides (Iseki, Onuki and
Kashiwaga,, 1958; Springer and Ansel 1., 1962; Springer and Horton,
1964; Springer, Wang., Nichols and Shear, 1966; Springer, 1967.)
This latter finding is particularly important,in
view of the observations that patients with severe intestinal
disorders, or with extensive intestinal gangrene may acquire de nevo
blood group B-like antigens (Stratton and Renton, 1959; Marsh,
Jenkins and Walther, 1959 ; Giles, Mourant, Parkin, Horley and
Tapson, 1959; Cameron, Graham, Dunsford, Sickles, Macpherson,
Cahan, Sanger and Race, 1959; Springer and Horton, 1964), and
gram-negative bacteria, particularly those constituting the intes¬
tinal flora, possess blood group B specificity (Springer, 1956;
Iseki, et a 1-. 1958; Springer, Horton and Forbes, 1959; Springer,
Williamson and Brandes, 1961; Springer and Ansell, 1962). In
consequence, it has been suggested that these particular acquired
B-antigens in the reported cases may therefore be bacterial
polysaccharides (Stratton and Renton, 1959; Springer and Ansell;
Springer and Horton, 1964).
(b) Experimental Studies on in-vivo Sensitization: In the
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experimental studies of the phenomenon of in-vivo adsorption of
bacterial antigens, two general approaches have been employed:
(1) Investigations in which in-vivo sensitization has been
demonstrated by injecting large amounts of bacterial antigens
(polysaccharides). For instance, (Boyden, 1953), using a poly¬
saccharide preparation made from tuberculin, showed that erythrocyte
sensitization takes place in-vivo in guinea-pigs provided that
relatively/
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relatively large amounts (10 to 20 mgm) of the polysaccharide
were injected. He also demonstrated that the ability to fix these
polysaccharide substances was not limited to erythrocytes, but is
shared by other blood cells as well, Ceppellini and De Gregorio
(1953), however, experimented with rabbits and the Vi-antigen
of S.typhimurium, and even though they were unable to sensitize
erythrocytes in-vivo by injecting large amounts of the antigen,
they did succeed in demonstrating the other aspect of this phenomenon
of sensitization. When rabbit erythrocytes were allowed to adsorb
the antigen in-vi tro and then v/ere re-injected into animals
immunized against the Vi-antigen, they found that the injected cells
were rapidly removed from the circulation. Such rapidly-destroying
cells could also be shown to have been sensitized with the specific
immune antigen-antibody complex. Subsequently, De Gregorio (1955)
succeeded in sensitizing guinea-pig erythrocytes in-vivo. It was
found necessary to inject large quantities of Vi-antigen (10 mgm)
intravenously before sensitization could be achieved.
Buxton ( 1959a,) has also obtained similar results in
chickens with a polysaccharide extract from S.gal 1inarum. He
reported that the intravenous inoculation into chickens of large
doses of crude polysaccharide preparationSjderived from a smooth
strain of the bacteria, resulted in the adsorption of some of the
polysaccharide on the surfaces of circulating erythrocytes. This
in-vivo adsorption, which was detectable by an antiglobulin
haemagglutination test, lasted for a maximum of approximately 24
hours after inoculation of polysaccharide.
(2) Investigations consisted of injection of bacterial antigen-
sensitized erythrocytes into immune and non-immune animals with the
obj ec t/
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object of obtaining evidence of erythrocyte injury and destruction
under in-vivo conditions. As stated, Ceppellini and De Gregorio
(1953) showed that the Vi-sensitiaed erythrocytes, which had
rapidly been destroyed in Vi-immune rabbits, were however, slowly
cleared in non-immune rabbits. These results were recently
confirmed by Shumway, Bokkenheuser, Pollock and Neter (1963).
These workers, using radiochromium labelled erythrocytes, showed
that erythrocytes, sensitized with eithe polysaccharide extracts
(LPS) from either d.coli or ~.typhi. were rapidly removed in immune
rabbits. Such cells were, however, removed at a moderate rate in
non-immune animals. They concluded from their data that the degree
51
of haemolysis and shortening of Cr survival depended on the amount
of bacterial polysaccharide antigen used for erythrocyte sensitiz¬
ation.
(c) Relationship between in-vivo Sensitization and Anaemia: The
biological significance of the phenomenon of in-vivo sensitization,
particularly in relation to possible haematologic changes in most
of the above clinical and experimental cases, has not been clearly
denons trated.
Of particilar interest in this connection is the
finding by Julianelle and Reimann (1926) that injection of a crude
pneumococcal extract into mice resulted in the development of an
anaemia. This has been confirmed recently by Shumway and Pollock
(1965), who showed that intravenous administration of an extract of
pneumococcus into rabbits results in spherocytosis, increased
erythrocyte osmotic fragility and intra-vascular haemolysis,
Shumway (1958) had earlier reported th t rabbits with acute
pneumococcal infection develop a spherocytic haemolytic anaemia.
The/
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The question also arises as to whether this
phenomenon of in-vivo sensitization contributes to the sludging of
blood (that is, intravascular red cell agglutination) observed in
certain types of immuno-haemolytic anaemias and other haematologic
diseases (Wasastjerna, Dameshek and Kominos, 1954). In this
connection, attention should be called to the reports of Nungester
and Klein ( 1937 ) an ! Youn ;ner and Nungester ( 1944), who showed that
pneumococcus oolysaccharide affects the red blood cells in such a
way as to enhance their sedimentation rates in-vitro and to alter
their flow rates in-vivo.
A highly significant contribution to the study of
effect of intravenously administered endotoxin on the sensitization,
survival and rate of destruction of the erythrocytes has been the
report of Ho and Kass (1958). They showed that normal rabbits
develop a mild haemolytic anaemia after a single intravenous
injection of S.typhi endotoxin. A more marked anaemia develops
in immunized rabbits which were subjected to repeated inoculations
of endotoxin. They also observed that haemolysis occurred in some
rabbits during the second week after endotoxin injection. Their
failure to detect any in-vivo sensitization of the erythrocytes led
them to ascribe this haemolytic reaction to an as yet unexplained
activation of the RES.
Buxton (I960) had reported that chickens fatally
infected with S.nallinarurn may develop a severe haernolytic anaemia.
He had also previously observed that during infection the erythro¬
cytes may become sensitized in-vivo with a bacterial product,
probably acquired from the infecting organism (Buxton, 1959a).
From/
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From these results, Buxton then suggested that the development of
the haemolytic anaemia is the result of increased activity of the
RES and that during the development of this disease the RES becomes
stimulated and therefore is able to increasingly take up liberated
bacterial polysaccharide, including the sensitized erythrocytes.
The occurrence of abnormalities of erythrocytes,
haemolytic episodes and positive direct Coombs tests (DCT) v/ith
the enterobacterial infections in man and animals has not been
generally stressed. Nevertheless, there are several recorded
observations on these features of these diseases, especially
diseases of the Salmonellae. For instance, a haemolytic episode
is a well known, although uncommon, complication of typhoid fever
in man (Flandin, Bernard and Mallarme, 1935; flerraan, Braun and
Rachmilewitz, 1945; Shaw, 1951; Gordon-Smith, 1951; Retief and
Hofmeyr, 1965). In 1945, Berman and associates had concluded from
their studies that haemolysis, rather than haemorrhage, was the
more likely cause of the mild to severe anaemia associated with the
high reticulocyte counts of 4.6 to 10 per cent which had developed,
usually in the second or third week of illness, in 9 out of a series
of 152 typhoid patients.
Evidence for the occurrence of indisputable haemolysis,
that is, anaemia accompanied by haemoglobinuria, was reported by
Shaw (1951), Gordon-Smith (1951), McFadzean and Choa (1953) and
Ruggieri (1961). Significantly, McFadzean and Choa reported that
the haemolytic episode occurred only in cases with typhoid, and
there was no such haemolysis in patients with paratyphoid A, B and
C. Another interesting observation they made was that a large
proportion of their typhoid patients had shown a positive direct
or/
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or indirect Coombs tests.
Similar observations in typhoid patients whose
erythrocytes gave positive DCT have also been reported by
Grobbelaar (1958). He described 3 human patients with acute
typhoid in whom there was suggestive evidence of haemolysis, and
obtained positive DCT with 30 out of the 100 blood samples taken
from these typhoid patients. He considered that in South Africa
typhoid was second only to the malignant reticuloses as a cause
of symptomatic haemolytic anaemia in man.
A further interesting account has,more recently}also
been reported from South Africa. Retief and Hofmeyr (1965)
described the occurrence of severe anaemia and haemoglobinuria
as the dominant clinical finding in a febrile male patient. The
DCT was negative, but S.typhi was isolated 3 times by blood culture.
They observed that both the haemolysis and the pyrexia in their
patient subsided within a few days of starting treatment with
Chloromycetin. They also found that 50 per cent of the reported
instances of acute typhoid haemolysis in the literature, always
occurred during the first week of illness when bacteraemia was
known to be maximal. Retief and Hofmeyr, while stating that too
few authentic cases of acute haemolytic anaemia had been reported
in typhoid patients, concluded nevertheless, that the association
is possibly more common than is generally thought, and more of such
cases would have been forthcoming if they had been looked for in
the first week, at the time of bacteraemia.
Other non-typhoid salmonella infections in humans
with complicating haernolytic anaemias have also been published.
Thus, Davidson and Fullerton (1933) reported having observed an
acute/
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acute haemolytic anaemia in a patient infected with 5.dub 1in, and
recently, Dacie (1967) had diagnosed an acute haemolytic anaemia
in a boy, a week or so following infection with S.aertrycke.
The mechanism of these haemolytic episodes, as
reported, is not clear, even though McFadzean and Choa (1953) had
suggested an underlying auto-immune aetiology, possibly associated
with the lymphoid hyperplasia of typhoid fever.
Other enterobacterial infections in man and animals
with a clear demonstration of increased erythrocyte destruction or
acute anaemia, but not reported to have any in-vivo sensitization,
have been reported by numerous authors. For instance, Horowitz,
Javid and Spaet (I960) had described the occurrence of anaemia in
a small girl who was suffering from an F.coli infection. The
.
haemolysis subsided when the infection responded to treatment with
Chloramphenicol. Similar observations on the occurrence of intra¬
vascular haemolysis in patients with Vibrio cholerae infection were
reported in 1954 by De, Sengupta and Chanda. The complication of
bovine brucellosis with acute anaemia has also been long recognised,
and this has been the basis of a series of reports by Bell and Irwin
(1938), Calder, Steen and Baker (1939) and Ferguson, Irwin and Beach
(1945).
The occurrence of haemolytic anaemia in other gram-
negative bacterial septicaemias, other than Salmonella infection,
had also been described by many authors (Brown, Hayward, Powell and
Witts, 1944; Pappenheimer et al, 1945; Finch et al. 1949; Brown,
1950; Kleeman and Epstein, 1957; Rappaport, Tatter, Coeur-Barron
and Hjort, 1964). In patients acutely ill with gram-negative
bac terial/
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invasion of the blood stream, some observers are of the opinion
that the survival time of the erythrocytes is markedly decreased
(Finch et al.. 1949; Brown, 1950) and has also been suggested that
the release of endotoxin during infection may play a significant
role in the pathogenesis of haemolytic anaemias complicating these
bacteraemias (Kleeman and Epstein, 1957), although in-vivo
erythrocyte sensitization has not been reported to occur in these
infections.
In 1948, Middlebrook and Dubos had reported that a
mycobacterial component of polysaccharide nature could sensitize
erythrocytes and, in the presence of antiserum, haemagglutination
took place. These phenomena of erythrocyte sensitization and
haemagglutination seem to be analogous to those observed with the
polysaccharide component of gram-negative bacteria (Stetson, 1955;
Braude, 1959; Sell and Braude, 1961; Tsumita and Ohashi, 1964).
In this connectionjit has already been mentioned that Saito and
colleagues (1961) reported that in-vivo erythrocyte sensitization
occurs with patients with active pulmonary tuberculosis, and the
possibility that patients with overt tuberculosis may be prone to
develop haemolytic anaemia was suggested by Fisher (1947), after
reviewing a number of miscellaneous cases of acquired haemolytic
anaemia. In addition, human patients with active tuberculosis in
which severe haemolytic anaemia has been found to occur, are
described by Mollison (1947); Lindeboom (1950) and Jandl, Jacob
and Daland (1961). In animals too, Sandage, Brandt and Birkeland
(1951) showed that the intravenous injection of small quantities of
mycobacterial polysaccharide into rabbits with active tuberculosis
re sulted/
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resulted in increased destruction of erythrocytes. Similar
changes in total erythrocyte counts,but different in degree,
occurred in rabbits during the course of ultimately fatal
tuberculous infection without the injection of homologous poly¬
saccharide. From the available data, these authors suggested that
such effects were due to liberation of polysaccharide from the foci
of infection, and the possibility that destruction of the erythro¬
cytes was a direct consequence of this activity was also discussed.
Chickens with active tuberculosis have also been examined for any
characteristic changes in the blood picture by Klimes and Celer
(I960) and it was found that there was a reduction in the total
number of erythrocytes. Similar results were also obtained from
chickens experimentally infected with tuberculosis.
OBJECTS OF TI-IC STUDIES
It is evident from the foregoing review that little
is known of the pathogenesis of anaemia of acute bacterial infections,
including the haemolytic episode observed by several workers during
acute human and fowl typhoids. It was therefore considered that
an investigation of this problem, using fowl typhoid as the
experimental model, would be of value in the elucidation of the
mechanism and significance of the anaemia of bacterial infections,
especially those caused by gram-negative bacteria.
Fowl typhoid appeared to be a particularly suitable
disease model for this purpose for a number of reasons:
(a) The fact that both the phenomenon of in-vivo erythrocyte
sensitization and the clinical anaemia had already been demonstrated
in/
in this infection (Buxton, 1959a; I960).
(b) The ease of establishing fowl typhoid infection and low
infectivity for other species, including man.
(c) The well-known refractoriness to endotoxin toxicity by the
chicken (Smith and Thomas, 1956; Heilman and Bart, 1964; Truscott
and Inniss, 1967).
(d) Availability and ease of handling make chicken an ideal
laboratory animal.
The present investigations are divided into 10
chapters. Chapter I has been concerned with an introductory
review of relevant literature; this has been limited to reports
on erythrocyte sensitization and anaemia of gram-negative bacterial
infections, and the mechanisms which are of general importance for
understanding the basic mechanism of fowl typhoid.
As a preliminary basis for these studies it was
considered that the main haematological changes occurring during
S.gal 1inarum infection in chickens should be fully established and
defined, particularly in nature and extent. Accordingly, the
second chapter is devoted to haematologic investigation of the
disease. The significance of the erythrocyte changes in relation
to the immunological basis of the mechanism of the anaemia is
considered in Chapter III, and the possibility that the in-vivo
erythrocyte sensitizing factor may be bacterial 1ipo-polysaccharide
is examined in the next Chapter (IV). Direct evidence to
elucidate the type and mechanism of this anaemia was obtained by
radioisotopic studies, and the results are recorded in Chapter V.
Chapter VI contains evidence which sought to establish that the
in-vivo/
in-vivo sensitized erythrocytes, recovered from infected animals,
consist of a mixed, heterogeneous cell population with respect to
the degree of sensitization. Chapter VII is devoted to studies
involving the responses of the chicken to large doses of S.Hal 1inarum
endotoxin in which attempts are made to experimentally induce
both in-vivo sensitization of the erythrocytes and a haemolytic
episode in this species.
The significance of the anaemia, and the probable
roles played by both the phenomenon of erythrophagocytosis by the
stationary (fixed) macrophages of the reticulo-endothelial system
and the bacterial products (endotoxin) in the overall pathogenesis
of the disease syndrome, are examined and evaluated in Chapter VIII.
Chapter IX contains studies on the probable mechanism of action of
serum 'inhibitors' of erythrocyte sensitization in-vitro;
i ' ' ' >
preliminary observations are also made on the changes in these
•inhibitors* during acute S,gal 1inarum infection.
The last Chapter (X) is devoted to the general
discussion and evaluation of the results, together with conclusions.
23.
CHAPTER II
HAEMATOLQGICAL CHANGES DURING ACUTE INFECTION
INTRODUCTION
During the course of acute fowl typhoid various
clinical signs, indicative of anaemia, have been frequently
recorded by numerous workers (Wilson, 1946; Menzies, 1947;
Hungerford, 1951; Buxton, 1957; 1959; Hagan and Bruner, 1961;
Hall, 1965; Smits, 1966), but surprisingly, comprehensive
haematologic studies on this disease have been few. The only
recorded haematologic studies are by Ward and Gallagher (1920),
Cook and Dearstyne (1934) and Buxton (I960), and none of these
include detailed quantitative studies to define the extent of the
haematologic changes during the acute infection. For instance,
Ward and Gallagher (1920) only reported the destruction of 50 per
cent of the total circulating erythrocyte population, and also
indicated that erythrophagocytosis by leucocytes may be taking place
in the circulation. The significance of the anaemia in the overall
pathogenesis, and the nature of the anaemia were not however,
considered.
The study by Cook and Dearstyne (1934) was concerned
with the relationship between clinical signs and the patho¬
morphology of blood cells during the acute infection, and no
accurate definition or degree of the anaemia was given.
The first and only report which gave an indication
of/
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of the severity and degree of the anaemia was by Buxton (i960), who
studied the changes which occurred in haemoglobin levels and
erythrocyte fragility.
As a preliminary step in the investigation of the
pathogenesis of the haemolytic episodes associated with bacterial
infections, particularly fowl typhoid, it was considered that
studies should be undertaken with the following objectives:
(1) A detailed study of the pathological changes in the blood
to establish the extent of the anaemia and to obtain an indication
of its possible significance in the disease.
(2) Definition of the type and character of this anaemia which may
throw light on the aetiological mechanism.
(3) Preliminary study of in-vivo sensitization of erythrocytes
with the intention of confirming the original observation of
Buxton (1959a) and to provide a basis for more detailed studies in
later chapters.
MAT £111ALS AND .V dTIIODS
Chickens: Adult, outbred female chickens ('Hybrid 66' ) of
approximately 6 months of age, and salmonella-free, were obtained
from a large commercial hatchery (Chunky Chick Ltd.) to ensure
continuity and uniformity. They were maintained on a standard
mash and grain diet, and fed ad libitum.
Infected and control chickens were paired, tagged
and kept in separate rooms.
Inoculum: A virulent, smooth strain of S.gal 1inarum ("strain 938")
typed at the commencement of these studies, was used. This strain
of /
of Salmonella, which was used throughout these investigations,
was preserved by freeze-drying. When required for use, it was
sub-cultured on to MacConkey agar plates, and after incubation at
37°C, a smooth colony was transferred to nutrient digest broth and
the culture was used after overnight incubation.
Infection: Preliminary infection experiments with this strain of
salmonella had shown that to obtain consistently reproducible
lOO per cent mortality in less than 7 days, the intramuscular
route of infection with an inoculum of 2 mis. of overnight broth
culture per animal, was the ideal procedure. Oral dosing of
the chickens gave inconsistent and variable rate of mortality.
With the intramuscular route of infection there was neither need
to pre-starve the animals before injection, nor to administer an
alkali with the inoculum as advocated by Smith (1955).
Control chickens received sterile broth digest
by the same route.
Sampling Procedure: Blood samples were obtained from the wing vein
using S.D.T.A, as the anticoagulant. The probable error in
accuracy of the haematological values brought about by continuous
bleeding in chickens has been stressed by Cohen (1967). Therefore,
in studying blood trends through all the stages of the acute disease,
it was advisable to conduct this study on the basis of chickens
bled once daily for the first 2 days after infection, and then
twice daily for the next 2 to 4 days. The minimum amount of blood
to be taken was one to 2 ml. at each sampling, and extreme care
was taken to prevent unnecessary blood loss.
Blood samples, collected in Seguestrene (E.D.T.A, )
tubes/
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tubes (Stynes Laboratories), were gently mixed to prevent clotting
and immediately used.
Measurement of Haenatocrit: The haematocrit value of each blood
sample was determined by the micro-haematocrit method described
by Cohen (1967) for avian red blood cells. The method ensures
adequate packing of cells and leaves little or no trapped plasma
among the packed cells. This is probably the main cause of the
variability in the published data in avian haeraatocrits.
Sealed micro-capillary tubes, containing the blood
samples, were centrifuged in a Hawksley Micro-haematocrit
centrifuge at 10,OOO r.p.m. for 8 minutes. The hae atocrit value
was then measured directly on a reader. Two determinations were
made in each sample and the mean taken.
Haemoglobin estimations: In order to make an accurate assessment
of both the mean corpuscular haemoglobin concentration (M.C.H.C.)
value and the degree of the anaemia, it was necessary to use a
dependable, consistent and reproducible method to determine the
haemoglobin concentrations.
In non-mammalian erythrocytes, the nuclei give
rise to interference with several haemoglobin estimation procedures,
notably with the popular acid haematin technique (Bell, Bird and
Mclndoe, 1965). In the present studies, a modification of the
method described by Bell and colleagues was used. The method was
foxmd to be very simple, reproducible and reliable. It is a
modification of the alkaline haematin method for total haemoglobin
estimation, and neither the nuclear material of avian erythrocytes,
nor the highly lipaemic plasma of the laying hen, causes interference.
0.1 ml./
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0.1 ml. of well-mixed whole blood was pipetted
into 0.9 ml. distilled water, and 34 ml. of 0.1 N sodium hydroxide
solution added. After mixing, the mixture was incubated at 37°C
in the water-bath for one hour then quickly cooled to room
temperature. The absorption at 406mp was then measured from an
aliquot sample on an EEL Spectrophotometer. All readings were
to be completed within 30 minutes on cooling to room temperature.
Readings were then compared with a standard calibration curve,
constructed from an isolated, purified chicken haemoglobin of the
same strain of birds, and according to the method described by
Allan (1969).
Preliminary trial estimations of haemoglobin
concentrations of blood samples derived from normal chickens by
this modified method compared well with published data, but this
method had the added advantage of improved reproducibility of
values.
Erythrocyte Counts: Preliminary total erythrocyte counts were
made, using both the standard procedure with the blood diluted
in formol-citrate solution (Dacie and Lewis, 1968), and the method
described by Natt and Herrick (1952), Eventually, the latter
method was preferred as it permitted the ready differentiation of
the several types of the chicken erythrocytes, thus enabling direct
counting of the erythrocytes and leucocytes from the same blood
sample. Moreover, this method had specially been developed for
avian blood cell counting.
Leucocyte Counts: The total leucocyte counts (and occasionally,
the total thrombocyte counts) were made using the method described
by/
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by Natt and Herrick (1952) (vide supra).
The haemocytometer used in all these procedures
was the improved Neubauer Counting chamber.
Reticulocyte Counts: For the estimation of the degree of
reticulocytosis, the standard method described by Dacie and Lewis
(1968), using 1 per cent brilliant cresyl blue for the supravital
staining of the reticulocytes and other erythroblasts, was \ised.
Estimation of Absolute Haematological Values: These values were
calculated using the formulae given by Archer (1965).
Post-mortem examination: Individual chickens were weighed before
the start of these studies and upon the death of infected animal
autopsy was immediately performed: the spleen and liver were
removed, rinsed in physiological saline, dried between large
V/hatman filter papers, and finally weighed. At the same time,
paired control chickens were killed and treated similarly. The
spleen: liver ratio and the percentage of carcase weight of these
organs were also determined.
Preparation of rabbit anti-chicken whole serum: Anti chicken whole
serum was prepared in adult albino rabbits by a series of alternate
daily, intravenous injections of normal chicken serum commencing
at O.l ml. and gradually increasing the volume to 1 ml. Seven
injections were given in all, and the rabbits were bled 5 to 7
days after the final injection.
The antiglobulin was standardized before use against
erythrocytes sensitized in-vit ro with S.gal1inarum polysaccharide.
Detection of In^vivo erythrocyte sensitization: The indirect
and direct Coombs' tests (ICT and DCT respectively) were employed
in the detection of alterations An the erythrocyte surface during
acute/
acute infection.
(a) Indirect Coombs' Test (ICT): Erythrocyte samples from
infected and control chickens were washed 3 times in physiological
normal saline (0.85 per cent) and titrated against serially
diluted S.gal 1inarum antiserum. This antiserum, a pooled
fraction from a group of chronic surviving chickens, was diluted
before-hand to give a final haemagglut inat ing titre of 1:102,40.
The erythrocytes in those serum dilutions which showed no
haemagglutination were then washed 3 times in large volumes of
normal saline. To each of the tubes was added one drop of the
standardized dilution (1:40) of the rabbit anti-chicken serum
which had been prev&oxisly absorbed with normal chicken erythrocytes
to remove natural haemagglutinins. The tubes were shaken gently,
incubated at 37°C for 30 minutes, and read.
(b) Direct Coombs' Test (DCT): Washed erythrocytes from infected
and normal animals were titrated against serially diluted, adsorbed,
heat-inactivated rabbit anti-chicken whole serum, using the single-
drop method. The tubes were incubated as above, and the anti¬
globulin haemaglutination titres read.
(c) The -ensitivity of ICT«and DCT: before a tempting to observe
and detect in-vivo sensitization of erythrocytes in the infected
chicken , preliminary experiments were carried out to observe the
sensitivity of the tests to be employed. It was considered that
the ICT and DCT would be useful tests for detecting small amounts
of antigen on the surface of erythrocytes, as had been found with
bacterial products (Buxton, 1959a; Young et al.. 1962; Springer and
Horton, 1964), penicillin (Ley, Harris, irinkley, Liles, Jac . and




Standardization of ICT: Equal volumes of erythrocytes were
sensitized against decreasing concentrations of alkali-treated
S.gallinarum polysaccharide extract (Chapter III). The sensitized
cells were then subjected to haemagglutination (HA) and anti¬
globulin IIA tests (ICT) against S. gal 1 inarum antiserum. The
results of such an experiment are recorded in Table 1, which
illustrates the greater sensitivity of the indirect antiglobulin HA
test for detecting antigen adsorbed on erythrocytes. It also shows
the effect of concentration of antigen employed in sensitization,
demonstrating clearly that optimal concentrations must be employed
for maximal sensitivity and specificity.
Standardization of DCT: Erythrocytes sensitized with the polysacc¬
haride were subjected to haemagglutination test against S.gal 1inarum
antiserum (Chapter III). The non-agglutinated cells were then
thoroughly washed and subjected to direct haemagglutination against
decreasing dilutions of the adsorbed rabbit anti-chicken whole
serum. Typical results are shown in Table 2; clearly they
demonstrate the sensitivity of antiglobulin serum to detect minute
quantities of adsorbed globulins, probably the incomplete, non-
haemagglutinating type.
(The optimal concentrations and conditions for the
tests recorded were subsequently used in all further tests carried
out throughout these studies.)
RESULTS
The results obtained from the chickens infected
with S.gallinarum are summarised in Tables 3 and 4. They show
the/
TABLE1
gensitivityoftheAntiglobulinHaemagglutinationTest(ICT)forDetectingErythrocytesSensi izedwithSi. allinarumPo ys ccharide.
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4=STRONGHA. 3=MODERATEH . 2=WEAK(SLIGHT)H .
1=TRACEH .
+++=STRONGANTIGLOB.HA. ++=MODERATEANIGLOB.H +=WEAK(SLIGHT)ANTIGLOB.HA +=TRACEANTIGLOB.HA.
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4=STRONGHA. 3=MODERATEHA. 2=WEAK(SLIGHT)H .
1̂=TRACEH .
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the extreme virulence of the bacterial strain used; all the
animals infected died within 6 days, and 50 per cent of the total
number of deaths occurred on the fifth day (Fig. 1).
Because of the great variations in the published
data on the normal haemograms of chickens (Diesem Venzlce and Moore,
1958; Lucas and Jamroz, 1961) it was decided that the normal
values obtained for the studies reported here would be the basis
for comparison of any deviation from the normal as a result of
t e infection. Indeed, it has been suggested recently that such
a procedure is probably the main criterion for objective assessment
of the abnormal (Osbaldiston, 1968). Therefore, preliminary
studies involving numerous sampling of healthy chickens using
the various techniques described above to obtain normal data,
were made before the animals were finally infected.
(1) Clinical Manifestations:
The present experiments showed all the characteristic
symptoms normally associated with this disease.
The first noticeable symptom was the appearance of a
sulphur»yellow colouration of the droppings, which was very slight
at first. Later, as the consistency of the droppings became
watery, the alteration in colour was a most marked yellow, with an
additional greenish tinge. There was little or no variation in
the onset and severity of the diarrhoea. There was also
inappetance, extreme dejection, and weakness. They appeared
listless and motionless for long periods with feathers ruffled and
head sunk on the chest, and both eyes were closed. The temperature
in some chickens was very high, reaching 115°F at the peaK of
infection, often falling to subnormal levels just before death.
Severe/
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RELATIONSHIP BETWEEN DURATION Of FATAL INFECTION and
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Duration of Fatal Infection (Days)
FIuUIlC 1. The Relationship between the Type of
in-vivo Sensitization of Erythrocytes
and the Time of Death after Infection.
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Severe pallor of the comb and wattles, followed by cyanosis, was
a common symptom. There was respiratory difficulty with distinct
dyspnoea. Collapse, with convulsive movements of the limbs, and
defaecation was rapidly followed by death.
(2) The Mortality Rate:
The survival times of chickens fatally infected are
illustrated in Fig. 1. All the animals became severely ill before
death. Deaths were first observed on the third day after infection,
and the death rate then increased rapidly, reaching a peak on the
fifth day, when 50 per cent of the total number of infected animals
died. The rest of chickens died the following day. Thus, within
7 days all the infected chickens had died.
(3) Pathological Changes in the Blood following Infection:
Every animal examined showed the classical triad
of anaemia, reticulocytosis and hepato-splenomegaly. This was
substantiated by autopsy findings of haemosiderosis of the spleen
and liver.
From Table 3 it will be observed that the anaemia was
severe in nearly all the chickens. As this was accompanied in all
cases by reticulocytosis and enlargement of the spleen and liver,
this suggested that it was of the haemolytic variety and not
dyshaemopoeitic.
It was also considered highly significant that the
anaemia coincided with onset of severe symptoms and death (Table 3
and Fig. 1). In addition, clinical signs of anoxia, anaemia and
extreme cyanosis suggest that a pathological abnormality of the
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(a) Changes in the Haematocrit: During infection, there was
nearly 50 per cent fall in the haematocrit levels (36+1.3 to
18.3+3.3 per cent) as shown in Table 4. The fall in PCV was
particularly severe in chicken number 42, which initially had a
PCV of 35, but a few hours before death dropped dramatically to
11 per cent (Table 3). This chicken died on the fifth day after
infection, and death, like the other infected animals, coincided
with the sudden fall in the haematocrit level (Fig.2)
(b) Changes in Haemoglobin Concentration: As with haematocrit,
haemoglobin levels dropped suddenly and dramatically just before
death (Fig.3). On the average, haemoglobin concentration of
12.6+0.78 dropped to a final value of 7.0+1.4 gms. per lOO ml.
of blood (Table 4). A number of preliminary trials were made from
healthy normal chickens to obtain same data on normal haemoglobin
levels. It was found that haemoglobin concentration for hens
between 2 and 4 months varied greatly between 11 and 12 gms. per
cent. On the other hand, relatively higher values were obtained
for hens more than 5 months old (between 12 and 14 gms. per cent).
The latter figures compared well with estimations of haemoglobin
levels in chickens by Buxton (I960).
The data on haemoglobin estimations during infection
are summarized in Tables 3 and 4, and also illustrated in Fig. 3.
They show that there was little or no variation from the normal
until clinical signs developed shortly before death. There was,
however, a massive attempt to compensate for this severe loss as
indicated by the sharp rise in haemoglobin concentration during
recovery. This apparent increase in haemoglobin concentration was














































































































(c) Changes in Erythrocyte Volume: Fig.5 indicates the sud en
loss of erythrocytes at the peak of infection. The total loss
was very substantial . ..... from an average of 2.8+0.09 to 0.97+0.35
million cells per cu.mm. at time of death (Table 4).
(d) Reticulocytosis: The discrepancies in the published data
of the normal blood levels of avian reticulocytes may largely be
due to the use of "reticulation" —— the number of reticular
materials or 'dots1 ■ . ■ . as a basis for identification. Thus
Coutes and Marsh (19 6) give the mean count as between 8 and 15
per cent on the basis of identifying the cell as 'reticulocyte'
if the cell has a single 'dot'.
In the present study, counts given represent the
number of cells showing "reticulation" of more than 5 to 6 dots.
This designation, even though it increased the subjectivity of
reticulocyte counting, nevertheless limited the serious error of
identifying all these cells as reticulocytes regardless of the
number of dots present.
Unusually high reticulocytosis was a common finding
in this disease (Fig.6). A six-fold increase in the total
circulating reticulocytes was estimated (Tables 3 and 4), and the
peak of erythropoeitic activity coincided with the onset of the
clinical symptoms of a severe anaemia.
Histological examination of the bone-marrow, spleen
and liver in the course of these studies revealed gross hyperplasia
of the marrow and extra-medullary erythropoeisis in the spleen and
liver. This increased erythropoei tic activity ■ , <reflected in
reticulocytosis indicates that the observed clinical anaemia
is/
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* Bars through each point represent the
Standard Error (S.E.) of the Mean.
FIGURE 2. The Changes in Plaematocrit During Acute
Fowl Typhoid.
Bars Through Each Point Represent The Standard
Error(SE^of The Mean
FIGURE 3. The Changes in Haemoglobin Concentration
During .Acute Fowl Typhoid.
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r~ I 0 ! 1 I 2 I 3 I 4 I 5 I 6 I 7
Time After Infection ( Days J
Each Point is The Mean of 12 Chickens
FIGURE 4, The Relationship between the .Activity of the
Haemolytic Process (Haemoglobin Cone.) and the
Degree of Attempted Repair (Reticulocytosis).
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* Bars through each point represent the
Standard Error (S.E.) of the Mean.
FIGUllc 5. jPie Variations in Total Erythrocyte CountDurinn 'cute Fowl Typhoid.
45.
*Bars through each point represent the
Standard Error (S.E.) of the Mean.
FIGURE 6. The Degree of Reticulocyte Response
During; /cute Fowl Typhoid.
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is not due to inhibition of marrow activity and therefore that it
is not of the dyshaemopoeitic type.
Fig.4 demonstrates the attempts of the host to
compensate for the increased destruction of erythrocytes by
premature entry of reticulocytes and other immature cells into the
general circulation.
(e) Alterations in Blood Leucocyte Levels; During the acute
disease significant changes also occur in the leucocyte levels
(Fig.7). Massive leucocytosis, essentially neutrophilia, was
estimated as nearly a five-fold increase (357+1.9 to 189.7+59.7
x lO3).
The lymphocyte level was decreased and also
occasionally, the thrombocyte count was found to be well below the
normal value.
(f) Applications of the Absolute Values: Although the value of
these "ratios", especially the MCV, in diagnosis and classification
of the anaemias depends largely on the accuracy of the counting
of the total erythrocytes, it was nevertheless considered useful
to have an idea of any changes in both the erythrocyte volume and
haemoglobin concentration.
The mean corpuscular volume (MCV) was nearly doubled
3
(131.84+5.07 to 201.5+41.8 p ) and a similar increase also occurred
in the mean corpuscular haemoglobin (MCH) — from 44.13+1.8 to
2
77.5+15.5 p gm. (Table 4). In contrast, the mean cell haemoglobin
concentration (MCHC) was unchanged 33.5+0.58 to 38.53+1.24 per
cent. These estimations indicated that the anaemia is macrocytic
but normochromic, with some evidence of polychromasia.
(g) The Detection of in-vivo Sensitized Erythrocytes: Routine
examination of the erythrocytes for sensitization during infection
revealed/
47.
* Bars through each point represent the
Standard Error (S.E.) of the Mean.
FIGURE 7. The Changes in Leucocyte Count During
Acute Fowl Typhoid.
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revealed that at the peak of infection, and a few hours before
death, the erythrocytes became sensitized, as was shown by the
demonstration of either positive ICT or XT. The distribution
of the different types of sensitization during infection, and
their relationships with the acuteness of the disease is shown in
Fig.l. The figure suggests a possible relationship between the
type of sensitization of erythrocytes, the time of death and
probably also, the severity of the anaemia. For instance, the
fifth day after infection, when the majority of chickens showed
sensitization, was also the peak of mortality since 50 per cent
of the total infected animals died at this time (Fig.l). It was
noteworthy that those chickens which died within 3 days (for example
number 30H and 33H)(Table 3) showed no erythrocyte sensitization,
and the anaemia was less severe. On the other hand, those chickens
dying later than 3 days had their erythrocytes sensitized in-vivo,
ana the anaemia associated with this group was extremely severe.
The period after infection, during which the cells became sensitized
in-vivo (fourth to the sixth day) (Fig.l), coincided v/ith the period
of greatest destruction of erythrocytes and hence, the appearance
I \
of the peak of anaemia (Tables 3 and 4).
)
(4) Pathological Changes in other Organs:
Gross enlargement of the spleen and liver was one
of the commonest autopsy findings (Fig.8). Contrary to the
observation of Wilson (1946), bronzing of the liver was found to
be a common and immediate post-mortem finding (Fig.9). Occasionally9
the colouration was so intense as to impart a greenish appearance
to both the plasma and the liver as a result of bi1iverdinaemia
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FIGURE9.Gross.'rvcara.ieeof,pleena:iuLiver: llow ,;.nfection..it. Q»nM w.37-41)comparedwithCon rol Chideens(Nos.37C-41 ).Notetypical'bronzing*(sometimes greenish)colourationofthlive .fak n24hoursfter autopsy,hence'discoloured'co trolpl en.
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liver weight nearly doubled (Fig. 8) at the time of death.
Tables 3 and 4 also demonstrate the increases in the spleen/liver
ratio.
inflammatory changes in the intestines. In per-acute cases
there was a haemorrhagic duodenitis, whereas a reddening and
swelling of the mucous membranes, sometimes extending throughout
the entire length of the small intestines were associated with
the acute cases. The small intestines in the latter cases were
occasionally accompanied by a shiny, reddish-green gelatinous
exudate.
The results of these experiments have demonstrated
the extreme susceptibility of adult chickens to S.gal 1inarum
infection. The intramuscular route of infection was found to be
the most suitable for these and subsequent experiments in that it
ensured both the reproducibility of high mortality and ease of
initiation of acute infection. Some previously reported data
on this subject (Vilson, 1946; Gordeuk, Giants and Callenbach and
Thorp, 1949; Smith, 1955; Buxton, 1959b) has shown that an oral
challenge of chickens with S,gal1inarum would produce either a
mild or severe disease. In contrast, these studies show that a
very severe and acute infection is almost always produced if the
animals were challenged intramuscularly. Peak mortality was found
to be between the fourth and sixth days after infection (Fig.l).
The present results also confirmed and extend the
Other pathological changes were the marked
DISCUSSION
characteristic/
characteristic clinical and pathological signs reported by other
workers. Thus, Wilson (1946) had noticed greenish-tinged,
sulphur-yellow colouration of the droppings, cyanosis of comb and
wattles, enteritis and typical 'bronzing* of the liver. Similar
observations were made by Smith (1955), who also found that the
gall-bladder and the bile never showed any infection. In this
respect, this disease differs from many of the salmonella infections
in man (Wilson and Miles, 1964) and animals (Buxton, 1957).
Buxton (I960) has also reported that, shortly before
death, the symptoms always observed were those of extreme thirst,
loss of weight, inappetance, diarrhoea, cyanosis of comb and
wattles, laboured respiration, and sudden collapse. This author
also suggested the possibility that these clinical signs might be
due to the direct result of the toxic products from bacterial
multiplication and disintegration in the tissues. It is noteworthy
that nearly identical symptoms have been observed in rabbits after
intravenous injection of 1ipo-polysaccharide (Landy, Skarnes, Rosen,
Trapani and Shear, 1957). It is therefore tempting to conclude
that the symptoms and death of the chickens are Consequent upon the
ability of the bacteria to multiply and to disintegrate rapidly
in the host.
Observations in the present studies also indicate
that the anaemia is a most important, if not the most important
pathological symptom in this disease. The typically anoxic signs
of cyanosis, laboured respiration and sudden collapse undoubtedly
contributed to the cause of death. It is therefore conceivable
that many of the observed clinical signs in this disease may be
directly due to the effects of the severe anaemia. Interestingly,
these/
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these signs were not unlike the signs observed by Jandl (1957)
and Jandl and Tomlinson (1958) when erythrocytes were destroyed
by antibodies in man. They showed that fever, leucopaenia,
dyspnoea, dermal reactions, renal injury, gastro-intestinal
disturbances and release of histamine and serotoxin were
characteristic of the normal host response to immune haemolysis
as these signs were analogous in their pathogenesis to the host
responses to other an t i en-ant ibody reactions and to bacterial
lipo- olysaccharides. Significantly,these authors also found
that haemolysis of comparable degree by non-immunologic mechanisms
did not cause these signs.
The anaemia was very severe, but Fig.4 shows the
attempt by the host to compensate and repair the damaged erythro¬
cytes by the release into the circulation of immature blood cells,
particularly reticulocytes. Reticulocytosis was a reflection of
increased erythropoeitic activity of the bone-marrow and other
extra-medullary erythropoeitic organs, especially the spleen and
liver. These observations demonstrate clearly that the anaemia
associated with cute fowl typhoid is definitely not due to
inhibition of erythropoeitic activ ity.
Evidence from the erythrocyte absolute value
determinations had shown that the anaemia is both macrocytic and
normochromic but this anaemia has never fully previously been
characterised. In 1934, Cook and Dearstyne in a study of the
pathological changes occurring in the blood during acute fowl
typhoid, reported a severe anaemia, gros heterophilia and
lymphopaenia. No evidence was, however, presented to de nonstrate
the severity or characterize the type of anaemia. Carlier however,
Ward/
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Ward and Gallagher (1920) had observed nearly 50 per cent
reduction in the total circulating erythrocyte numbers during this
disease. They also made the interesting finding that numerous
leucocytes were seen "to be attacking the erythrocytes". This
obviously indicated a possible erythrophagocytosis by the
circulating leucocytes. Studies by Zinkham and Diamond (1952),
Conway (1953) and Jandl and Tomlinson (1958) have shown that this
type of in-vivo erythrophagocytosis is common in many haematologic
diseases. Observations made during the course of the present
studies, but not recorded here, demonstrated that erythrophago-
cytosis occurred in the blood stream at the peak of infection and
anaemia. When, at the time of detection of in-vivo sensitization,
blood samples were taken from the infected animal and stained,
either incubated or not, leucocytes, mainly the mononuclear type,
were found to be engulfing erythrocytes. hether this phenomenon
contributes significantly to the production of the anaemia is
conjectural, but there are interesting reports in the literature
(Zinkham and Diamond, 1952; Conway, 1953; Jandl and Tomlinson,
1958) which indicate that this type of erythrophagocytosis may be
more important in certain haemolytic syndromes than hitherto imagined.
In general, however, it seems likely that the circulating leucocytes
may aid the fixed macrophages in the reticulo-endothelial system
(RSS) in destroying trapped, sensitized erythrocytes (Swisher, 1964;
Leddy, 1966; Rifkind, 1966).
It v/as found during the present studies that in-vivo
erythrocyte sensitization was detectable only at the peak of
anaemia (Tables 3, 4 and Fig.l). This suggests a causal relation¬
ship between sensitization of erythrocytes and the anaemia. Buxton
( 1959a)/
(I959,a) had recognised this possibility, and in a later study
(Buxton I960) suggested that the anaemia associated with acute
fowl typhoid is a direct result of the increasing ability of the
RES to take up liberated bacterial polysaccharide, as well as
sensitized erythrocytes. On the other hand, the anaemia might
be initiated by modification to the erythrocyte surface other than
to RES hyperfunction per se. The contribution to the production
of the anaemia by the increase in the RES activity would therefore
be secondary to the primary event of in-vivo sensitization of the
erythrocytes. Evidence that this, in fact, may be so is presented
later (Chapters V and VII).
However, it was of interest also to investigate the
significance, and the probable role of the gross splenic and
hepatic enlargement in the pathogenesis of this anaemia. The
question arises as to whether this enlargement is the result or the
cause of the increased sequestration and destruction of the
sensitized erythrocytes within these organs. In this connection,
the studies of Jandl, Jacob and Daland (1961) are pertinent.
These authors, in a study of various infections in v/hich varying
erythrocyte survivals and increased splenic sequestration were
demonstrated, suggest that the accompanying splenomegaly was the
cause of the observed incre^ised haemolysis. Similar conclusions
and suggestions have also been made by Sherman and Friedell (1962)
and IVagner, Iio and Hornick (1963) and recently, Jacob (1966) has
argued in favour of the thesis that splenomegaly, regardless of
cause, probably results in decreased erythrocyte survival. Buxton
(i960) has invoked a similar hypothesis to explain the causation
of the anaemia in acute fowl typhoid. Furthermore, Ho and Kass
(1958)/
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(1958) have suggested that hypersequestration by the non-
specifically activated RES probably accounted for the haemolytic
anaemia which developed in rabbits after intravenous injection of
endotoxin.
Satisfactory direct evidence has, however, been
very difficult to obtain in favour of this attractive hypothesis.
It may well be that splenic enlargement is the primary event in
some of these reported cases and that the increased haemolysis was
secondary to it. Nevertheless, it is also quite possible that the
reverse may be the true explanation. Indeed, subsequent
observations in this thesis (Chapters V and VII) indicate that
hepato-splenomegaly plays a passive rather than an active role,
in the production of the anaemia in this particular disease.
Thus, the effect of any stimulation of phagocytic activity of the
RES, if this occurs during this infection, may therefore merely be
to enhance the rate of sequestration of the in-vivo sensitized cells.
The mechanisms operating to destroy these erythrocytes wsl extra-
vascular, as evidenced by the absence of obvious intravasc liar
haemolysis and presence of bi1iverdinaemia and "bronzing" of the
1iver.
An interesting association which emerged from the
studies presented here, was the apparent relationship between the
type of erythrocyte sensitization (Chapter III), the rate of
mortality and the severity of the anaemia (Fig.l). It was found
that erythrocyte sensitization detectable by ICT appeared first,
and subsequently with sensitization detectable by DCT, and this
coincided with the peak of severity of the clinical signs, including
the anaemia. Chickens in which a change from positive ICT to
positive/
positive DCT was observed, of ten. appeared to have less severe
symptoms and occasionally recovered. Evidence was, however,
insufficient to conclusively establish a meaningful pattern of
relationships, and further work was undertaken to confirm and
extend these observations. The results of this study form part
of the results presented in the next chapter.
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CHAPTER III
SIGNIFICANCE OF IE-VIVP ERYTHROCYTE SENSITIZATION IN THE
DEVELOPMENT OF THE HAEMOLYTIC ANAEMIA
INTRODTJ ETION
The previous chapter confirmed previous observations
that in-vivo sensitization of erythrocytes occurs during acute
fowl typhoid (Buxton, 1959a), The results also indicated that
the severe anaemia which develops characteristically in the acute
form of this disease may be due to increased destruction of altered
erythrocytes rather than inhibition of erythropoeitic activity.
This conclusion follows from the findings that in-vivo sensitization
of erythrocytes occurred co incidental ly with the appearance of a
severe anaemia, which suggested a causal relationship between this
phenomenon and anaemia, and gross reticulocytosis and bone marrow
hyperplasia were also always observed.
Although significant anaemia is frequently associated
with chronic bacterial diseases, it is a less common event in the
course of acute infections (Cartwright and Wintrobe, 1952; einstein
and Beutler, 1962; Mitus, 1966; Mengel, Metz and Yancey, 1967;
Editorial, 1967), and the mechanism is still largely undetermined.
This type of anaemia was, however, once generally believed to be of
the dyshaemopoeitic type (Vaughan and Saifi, 1939; Saifi and
Vaughan, 1944; Cartwright, Lauritsen, Jones, Merrill and Wintrobe,
1946; Yirintrobe and Cartwright, 1952), the suggestion being that the
disturbance of erythropoeisis was merely part of the general toxaemia
or/
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or disturbance of metabolism. However, Brown, Hayward, Powell
and Witts (19 4) and Brown (1950) have put forward evidence to
show that the anaemia which complicates acute bacterial infections
may be due to unduly excessive destruction of erythrocytes and
have suggested that haemolysis was important in the pathogenesis
of this type of anaemia. However, they did not report any
accompanying abnormalities of erythrocytes and neither did they
present any direct evidence of haemolysis.
Several significant observations of the occurrence
of haemolytic episodes associated with nositive direct Coombs'
test (DCT) in enterobacterial infections, mostly in man, have also
been reported (Berman, Braun and Rachmilewitz, 1945; Shaw, 1951;
McFadzean and Choa, 1953; Horowitz, Javid and Spaet, I960;
Ruggieri, 1961; Retief and Hofmeyr, 1965; Dacie, 1967). There
have also been few reports on observations of in-vivo sensitization
of erythrocytes with no concomittant anaemia during the infection
(Saito et al.. 1961; Young et al.. 1962; Springer and Ansel 1, 1962;
Springer and Horton, 1964; Springer, 1964). The relationship of
these observations to the mechanism of anaemia of gram-negative
bacterial infections in general has only been inferred but never
e s tablished.
The hypothesis is offered here that the in-vivo
combination of sensitized erythrocytes with the induced antibody
accelerated their rate of destruction by the RES and this may be
responsible for the haemolytic episodes associated with the above
bacterial infections. In particular, the phenomenon of opsonin-
promoted erythrophagocytosis of in-vivo sensitized erythrocytes
may be the main mechanism responsible for the haemolytic anaemia
associated/
associated with acute fowl typhoid.
The present equivocal state of the knowledge of
both the nature of the sensitizing factor(s) and the relationship
of the sensitized erythrocytes to the pathogenesis of the anaemia
prompted the following studies which had three main objectives:
(1) To investigate further the relationship of in-vivo
sensitization of erythrocytes in the development of the haemolytic
anaemia.
(2) To relate any abnormalities of erythrocytes to the immunolog¬
ical response to infection. It was considered that such
correlative studies would throw some light on the possible
immunological basis, if any, on the mechanism of anaemia.
(3) To obtain further evidence which may confirm the demonstration
in the previous chapter that there are different types of in-vivo
erythrocyte sensitization and also to investigate the possibility
that a relationship exists between the type of erythrocyte
sensitization, the severity of the ensuing anaemia, and the
duration of the infection generally (Chapter II). It was also
intended to examine the possible significance of such relationships
in the overall pathogenesis of the disease.
MATERIALS AND MCTHODS
Sampling, serological and haematological tests v/ere
as described in previous chapters.
Samples were taken once daily for the determination
of the parameters, except in the detection of in-vivo sensitized
erythrocytes when two or more samples were taken daily to determine
the/
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the 'type' of erythrocyte sensitization.
Erythrocyte Osmotic Fragility tests: The technique employed was
essentially the same as that described by Buxton (I960), which was
a modification of Dacie and Lewis' method (Dacie and Lewis, 1968).
Stock solutions of buffered NaCl were obtained by dissolving NaCl
(180 gms.) Na2HP04 (27.31 gins.) and Nal^PO^l^O (4.86 gms.) in
2 litres of triple-distilled water. The pH was adjusted to
7.4 and 1.0 per cent solution in distilled water v/as prepared
from this stock solution, which was stox-ed on ice. The following
percentage dilutions were then made: 0.85 ("Blank"); 0.75; 0.60;
O.55; 0.50; 0.45; 0.40; 0.35; 0.30; 0.25; 0.20; O.IO; 0 ("100
per cent haemolysis").
.ell mixed, aerated, heparinised whole blood was
added in volumes of 0.05 ml. by means of a capillary pipette, to
tubes containing 5 ml. volumes of each dilution of salt solution
and also to 5 mis. of distilled water (for the "lOO per cent
haemolysis"). The mixtures were shaken, stored at room temperature
(20°C) for 45 minutes and re-shaken at intervals during this time.
After centrifugation at 2000 r.p.m. for 10 minutes the supernatant
I
from each sample was examined in an EEL colorimeter. Recordings
were taken using 10 m. diameter tubes, a green filter (OGR) and a
"Blank" obtained from the supernatant containing 0.85 per cent NaCl.
The degree of haemolysis in each tube was then
compared with that in the lOO per cent lysis tube, and finally
concentrations of NaCl were plotted against percentage incremental
haemolysis as advocated by 3uess, Limentani, Dameshek and Dolloff
(1948) and Bolton (1949).
Indirect I-Iaemagglut inati on (HA) and Antiglobulin HA Tests; These
tests/
tests were used for the detection of specific serum antibodies
during infection, and were also adapted to observe and estimate
the degree of in-vivo erythrocyte sensitization.
(a) S-Jj^lJ-in-arTrn Lipo-polysaccharide : Bacterial 1 ipo-polysacc-
haride (O-antigen/or LPS) for sensitizing chicken erythrocytes and
standardisation of the tests,was extracted from washed suspensions
of the stock culture of 5.gal1inarum grown on nutrient agar in
Rotix flasks by the phenol-water procedure of Westphal, using the
modified method described by Ravin, Rowley, Jenkin and Fine (I960).
(b) Sensitization of Srythrocytes: The washed erythrocytes were
sensitized by incubating a 10 ml. 1.5 per cent suspension of cells
at 37°C for one hour in 0.85 per cent saline containing 0.2 ml. of
a 5COO pgm. per ml. alkali-treated S.gal1inarum LPS. Alkali
treatment improved erythrocyte sensitization (Neter, Festphal,
Liideritz and Gorzynski, 1956; Pavies, Crumpton, Macpherson and
Hutchinson, 1958), and this was carried out by dissolving a weighed
quantity in 0.02N NaOH and heating to 37°C for 2 hours, after which
the solution was re-neutralized with 0.1N HC1. After sensitization
the erythrocytes were again washed 3 times in 0.85 per cent saline.
The optimum quantity of polysaccharide for sensitization was
determined by titrating batches of cells which had been sensitized
\vith various quantities of alkal i - treated LPS against the homologous
S,gal1inarum antiserum.
(c) HA and Antiglobulin HA tests: In the titration of antibody
a 1.5 per cent suspension of sensitized erythrocytes was added to
serial two-fold dilutions of the serum. The serum samples were
obtained daily, inactivated by heating at 56°C for 30 minutes,
and after a 5-fold dilution in saline they were assayed for antibody
levels/
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levels by the method of Buxton (1959a), except that 0.2 ml. volumes
were employed.
(d) The Specificity of LPS extract used in the HA Test: To ensure
that the extract used to sensitise the chicken erythrocytes was
specific and did not contain cross-reacting constituents, a series
of cross haemagglutination tests were carried out: batches of cells
sensitized with each bacterial LPS extract (S. gal 1 inarum and
L.co1i ) . and titrated against the homologous and heterologous
antisera prepared in rabbits, and which had been absorbed with
packed normal chicken erythrocytes.
The results of these experiments are shown in Table
5, which demonstrates conclusively the absence of any cross-
haemagglutination between the antisera to S.gal 1inarum and B.coli
of mixed serotypes.
Detection and Titration of in-vivo Sensitized Erythrocytes: The
indirect and direct Coombs' test (ICT and DCT respectively) were
employed for the detection and estimation of the presence and degree
of erythrocyte sensitization which occurred during infection. These
tests have been described in the previous chapter.
Sephadex G20Q Chromatography: 1.5 mis. of the immune serum were
fractionated at room temperature (18°C) on a column of Sephadex
G200 (Pharmacia) measuring 60 cm. x 3 cm. after overnight
equilibration against a buffer solution which contained 1 M NaCl
in 0.1 M Tris, (pH 8.). The serum sample was put at the top of the
column and a constant 4ap.ward flow was maintained by a peristaltic
pump. 5 ml. fractions were collected in a LKB Radirac fraction
collector with time-controlled shift. Protein concentrations were
automatically monitored by ultra-violet absorption at 280 mp. The
Y-macroglobulins (19S)/
TABLI
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$-macroglobulins (19S) pass through quickly but the 7S globulins
are delayed in their passage. The peaks and troughs were pooled
into 12 fractions, dialysed against distilled water at 4°C for
at least 72 hours and brought to the original volume by dialysis
and ultrafiltration.
The fractions were assayed for specific O-antibodies
by the HA and antiglobulin HA tests.
Micro-immunoelectrophoresis: Fractions were also examined by
immunoelectrophoresis on microscope slides, using the modified
micro-method described by Scheidegger (1955). Electrophoresis
was carried out in 1 per cent Difco Noble agar gel in half-strength
(ionic strength 0.05) barbitone acetate buffer (Oxoid), using a
Kohn bath and a Vokam power pack. A potential of HO volts
(25m A) was applied for 4 hours and a rabbit anti-chicken whole
serum was used for development after electrophoresis. Preparations
were stained with Amidoschwartz.
RESULTS
(1) Development of Anaemia:
Further confirmation that chickens fatally infected
with fowl typhoid develop a severe haemolytic anaemia (Chapter II)
was obtained with the results recorded in Figs.10 - 16. There was
also evidence of a strong compensatory response by individual
chickens, and this was illustrated by the increase in the total
number of reticulocytes and myeloblasts which appeared coincident-
ally with the development of anaemia. The results also indicated
that in spite of these attempts by the hyperplastic bone marrow to
compensate/
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compensate for the severe loss, the rate of erythrocyte destruction
greatly exceeded that of production of new cells, and a clinical
anaemia was consequently observed. Only 1 out of the 12 infected
chickens survived acute infection. Initially this chicken (7D)
showed a reduction in haemoglobin, PCV and total circulating
erythrocyte levels comparable with the other infected chickens,
but by the eighth day after infection these levels had begun to
return to normal and it eventually became clinically normal between
the fourteenth and sixteenth days following infection (Fig.13).
This particular animal died a few weeks later with lesions of
pericarditis. However, the haematologic values remained constantly
at sub-normal levels.
In view of the finding by Buxton (I960) that
circulating erythrocytes develop an abnormal osmotic fragility
during the acute stage of the disease, and the coincidence of the
terminal stages of infection with both in-vivo erythrocyte
sensitization and the development of a haemolytic anaemia in the
present studies (Chapter II), it was considered that erythrocyte
fragility tests performed at this time might show significant
variations from the normal waich could be related to the pathogenesis
of the infection.
(2) Changes in Resistance of erythrocytes to Haemolysis in Hypotonic
Salt Solutions during Infection:
To obtain more information on the osmotic fragility
tests, preliminary experiments were performed on blood from normal
chickens. The results obtained showed that the fragility of normal
nucleated avian erythrocytes was not dissimilar from that of non-
nucleated mammalian erythrocytes (Dacie and Lewis, 1968). Maximum
haemolysis/
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haemolysis with avian erythrocytes occurred at salt concentrations
of 0.4 to 0.45 per cent, but with the majority of normal chickens
the range of salt concentrations within which any degree of
haemolysis occurred was between 0.30 and O.55 per cent, with
occasional "tails" at either of these limits of salt concentrations.
This range of figures for haemolysis was slightly more widespread
than Buxton's previous figures of 0.35 to 0.40 per cent (Buxton,
I960).
The characteristics of osmotic fragility curves
obtained from 4 of the infected chickens, representing the various
"types" of erythrocyte sensitization (vide infra), are shown in
Figs. 17 and 18. It will be noticed that in all 3 positive
sensitization types (II, III and IV)(vide infra and Fig.19) the
normal curves for erythrocyte fragility became replaced by binodal
curves which are characteristic of haemorrhage or haemolysis in
mammals (Suess et al., 1948; Bolton, 1949), and birds (Buxton,
I960). The earliest appearance of these curves was a few hours
before death, and it is of interest to note that this coincided with
both the time at which sensitized erythrocytes were detected and
the development of the haemolytic anaemia. It is significant that
where there was no detectable sensitization of erythrocytes there
was no occurrence of binodal fragility (See chicken nos. 3D and 16D
of Figs.17 and 18 respectively).
These osmotic fragility curves illustrate clearly
that during haemolytic anaemia the peaks of the curves recording
fragility show a distinct "shift to the right", the binodal curve
reflecting the presence of 2 cell populations of different
susceptibilities to hypotonic NaCl solutions; part of the cell
population clearly undergoes haemolysis at a higher salt
concentrat ion/
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TYPE iV SENSITIZATION (TRANSITIONAL)
£\ q ^ Bp-fore Infection






Variations in Osmotic Fragility Patterns in Acute
Fowl Typhoid
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FIGURE 17■ Changes in Resistance of Erythrocytes to
Haemolysis in Hypotonic Salt Solutions During
Fowl Typhoid-. Single osmotic fragility
curves of normal erythrocytes replaced by
binodal curves when erythrocytes became
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concentration, between 0.55 and 0.65 per cent. It is suggested
that the increased fragility may be due to the decreased resistance
of the sensitized or altered erythrocytes in hypotonic salt
solutions.
In the only chicken that survived (7D in Fig.13),
it was observed that the second curve which had appeared on the
sixth day had completely disappeared by the ninth day .... the same
day that sensitized cells could no longer be detected. This
observation, coupled with the finding that death of the other chickens
which s-owed erythrocyte sensitization had occurred soon after the
disappearance of this abnormal fragility, suggest that these
phenomena are intimately associated with a critical stage of
infection. Moreover, the temporary nature of the binodal curve
obtained from the surviving chicken, lends support to the possibility
that the abnormal fragility of erythrocytes may have resulted from
adsorption of bacterial antigen on to their surfaces during
infection; and that a direct relationship may exist between the
pattern of osmotic fragi1ity,erythrocyte sensitization and infection
with .gal 1inarum as previously suggested (Buxton, I960).
(3) Sensitization of Erythrocytes During Infection
(a) Classification: Throughout the present study, and in
subsequent chapters, it was observed that there were distinct
variations in the way in which the sensitized cells were being
detected by the ICT and OCT. For example, some of the cells could
only be detected with the ICT, presumably because of an adsorbed
bacterial antigen. Other cells were also positive to the OCT,
indicating the presence of adsorbed serum globulins, possibly as
a /
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a result of pre-adsorption of bacterial antigen. These varying
erythrocyte surface alterations, occurring during infection,
offered the possibility that different 'types* of erythrocyte
sensitization may exist in this disease. Inspection of infection
parameters of individual chickens (Figs. 10 to 16) reveals that
at least 4 sensitization patterns are present. These types
of sensitization are illustrated diagramatically in Fig.l9»
which shows 3 positive types and one negative (non-sensitized)
type :




IV Positive ICT later becomes Positive
to DCT (Transitional).
(b) Pattern of In-vivo Sensitization: Chicken numbers 3D, 9D
and 12D (Figs. 11, 14 and 16) and 30H and 33H (Table 3 in Chapter
II) showed no sensitization of their erythrocytes (Type I) within
the limits of sensitivity of the tests employed. Such animals
invariably died in the per-acute stage and,on average, within 3
days of infection. In general, however, no animals died at peak
time —— between 4 and 6 days —— without exhibiting erythrocyte
sensitization (Fig.21), even though, as shown later (vide infra),
there were a few cases of chickens showing erythrocyte sensitiz tion
but surviving (Table 8); Table 8 also shows that only 3 chickens
ha,; survived infection and shown no detectable sensitization.
The 3 positive types of erythrocyte sensitization,
classified/
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classified here as Type II, III and IV, are also de onstrated
in individual chickens by Figs. 10-15. Type II sensitization
refers to erythrocytes which have probably adsorbed a bacterial anti-
4en in-viv°* since they agglutinate only with the indirect Coombs'
test (ICT). This type is illustrated by chicken numbers 2D, 4D
and 11D in Figs.lO, 11 and 15.
Another type of sensitization, referred to as Type
III, occurs when they are detected by a positive reaction to a
direct Coombs' test (DCT). Chicken numbers 6D and 8D of Figs.
12 and 14, illustrate this type of in-vivo erythrocyte sensitization.
The ICT was never positive prior to being directly agglutinated
by the DCT. In contrast, cells referred to as the Type IV,
became positive to the ICT, and later were observed to be
transformed because they became agglutinable by the OCT. Type
IV sensitization is also referred to as the "Transitional" type.
Examples of this are illustrated by chickens ID, 5D, 7D and lOD
in Figs. 10, 12, 13 and 15. doth Types III and IV sensitized cells
occur mainly at the peak of infection and mortality, but only
Type III cells are detected later on during infection (Fig.21).
An interesting observation, on the Type II pattern
of sensitization (positive ICT) throughout these studies, was the
rapid disappearance of such cells from the circulation, and this
usually occurred a few hours before death (Table 6). In a number
of chickens where the duration of these cells in the circulation
was timed, none of them persisted for more than 36 hours (Table 6),
and in one of the animals (42H) the sensitized cells had completely
disappeared from its circulation within 6 hours of first detection.
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that the time of transition of Type II to Type III (that is, the
Type IV sensitization), was relatively short; it barely exceeded
24 hours (Table 7). These animals were timed from the period when
their erythrocytes first became positive against the ICT and when
these cells later could be directly agglutinated with the anti¬
globulin serum (DCT). The longest recorded period of transition
in the circulation was 28 hours (chicken IOC), but as short as
I
3 hours transitional time was recorded for chicken lOD.
#
In the experiments reported above, it was noticed
that erythrocyte sensitization always occurred at the time of
maximum haemolytic activity (Figs.lO-l5), and invariably a few
hours befo e death. It was observed that in those chickens
(2D, 4D and 11D of Figs.lO, 11 and 15) exhibiting Type II
sensitization, the sensitized cells could no longer be detected a
few minutes before death. This effect was not observed with the
other types of sensitization, where some of the sensitized cells
could still be detected before death.
( c) Frequency of jjQ_r.y|ivo Jrvthrocyte Sensitization During
Infect ion; /hen groups of infected animals, which had been examined
throughout the present thesis for sensitization of their erythrocytes,
were collected and analysed, some interesting findings were made.
The results of this analysis, summarised in Table 8, clearly
demonstrate that in-vivo sensitization of erythrocytes is a
relatively common phenomenon in this disease syndrome. 78 out of
93 infected chickens died, and of those that died,nearly 85 per
cent of them had exhibited one type or other of positive erythrocyte
sensitization. In contrast, only 15.4 per cent of fatal cases did
not/
not show any sensitization of their erythrocytes. The highest
number of chickens that died were demonstrated to have had a
Type III sensitization (32.1 per cent) followed by Types IV, II
and I, in that order of decreasing incidence. These observations
suggest a closer relationship between in-vivo sensitization and
rate of mortality than has hitherto been demonstrated.
(4) The Immunological Response to Infection:
Observations above have shown that the haemolytic
episode associated with acute fowl typhoid generally occurs between,
the fourth and seventh days after infection; and this period also
nearly always coincided with the time of detection of erythrocyte
sensitization. It was also observed that some of the sensitized
cells (Type III) were directly agglutinated by the antiglobulin
serum, indicating that globulins,probably of antibody nature,may
have been adsorbed in-vivo. It was therefore decided to investigate
whether specific antibody response can be mounted in such a short
time during the acute infection. Such a study,of the active
immune response in relation to other haematological parameters
during the acute disease, would be of great value in elucidating
any possible immunological basis of the mechanism of this anaemia.
Natural Antibodies in Adult Normal Chicken Sera: Sera obtained
from chickens before infection were occasionally found to contain
antiglobulin haemagglutinating antibodies to the O-antigen of
S.'{all inarum (See Figs.10 - 16). These animals had been obtained
from a commercial flock known to be free from typhoid infection and
unvaccinated. These antibodies may therefore be cross-agglutinating,
the result of earlier antigenic stimulation by antigens possessing
related/
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related determinants to the O-antigens (1, 9 and 12) of
S.gal 1inarum.
(b) Immune Response During Infection: The variations and
heterogeneity in the antibodies to 5.gal1inarum as measured by
the haemagglutination (HA) and antiglobulin HA tests, and their
relationships to the haematologic response during infection, are
illustrated in Figs.10 - 16. They show that in chickens in which
haema;glutinating antibodies are detected at an early stage, Types
III and IV erythrocyte sensitization were invariably found.
This is illustrated by chicken numbers ID, 5D, 6D and 8D in Figs.
lO, 12 and 14. In contrast, where the haemagglutinating type of
antiaody is delayed in appearance. Type II sensitized cells were
only detected; for example in chicken nos. 2D, 4D and 11D
(Figs.lO, 11 and 15). Furthermore,this type of sensitization was
also seen when haemagglutinating antibodies were not detected
(1ID in Fig.15).
It was also observed that there was an initial
decline in the mean antiglobulin HA titre daring infection in
cases where a significant pre-infection incomplete antibody titre
(between 1:20 and 1:80) had been demonstrated (See chicken nos.
ID, 2D, 3D, 8D and 12D Figs. 10,11,14 and 14). In animals
where no natural antibodies had been detected before infection,
the earliest time of demonstrating antiglobulin haemagglutinins
was 2 days after infection (See chicken nos. 4D, 6D, 9D and 10D).
On the other hand, the earliest detectable complete haemagglutinins
developed between the fourth and fift . days after infection; (that
is, all chickens except 3D, 9D and 11D).
Inspection of Figs. lO - 16 again reveals that the
time/
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time of appearance of haemagglutinins, especially of the complete
type, seems to be significant in relation to the haemolytic
response during infection. The coincidence of these factors
strongly suggested that immune response may be involved in
the development of the haemolytic anaemia.
( c ) Distribution of Anti.odies against __«Ji3jJ;Jjiarm Lipo-
polysaccharide in Immune Serum Fractions (5D/5/67); It was also
decided to study the character and class of the antibody which may
be involved in the elimination and destruction of in-vivo sensitized
erythrocytes. For this purpose immune sera, taken during the
critical peak periods of the haemolytic episode, were fractionated,
using Sephadex G200.
The elution pattern, pooling data, the immuno-
electrophoretograms, haemagglutinating titrations, and the
distribution of protein and haemagglutinins in the pooled fractions
of one of these immune serum samples (50/5/67) are given in Fig.
20a, b. It can be seen from the serum profile that protein was
eluted from the column in 3 peaks. In order of elution these
have been shown to comprise 193 and 73 and 4.5S proteins respectively
(Flodin and Killander, 1962). Complete haemagglutinating antibodies
were detected only in fractions constituting the 193 peak, but
small amounts of the non-haemagglutinating antibody could be
detected in this peak also. Specific IgG antibody was mainly
present in the second peak, and could be detected only by the
antiglobulin HA test. Small amounts of these non-haemagglutating
antibodies were also found in the third peak.
Fractionation of other immune serum samples obtained
from infected chickens just before death, and at the peak of the
anaemias, yielded similar results.
Diges tion/
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FIGURE 2Qb. The Immuno-electrophoretograms of the Pooled
Fractions (1 - XII)of Immune Serum 50/5,67 .
(Anode to the Left).
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Digestion of macroglobulin antibodies and resistance
to inactivation of 7S antibodies by 2-mercaptoethanol (2-ME)
has been widely used as a means of distinguishing IgM from IgG
(Deutsch and Morton, 1957; Grubb and Swahn, 1958). In the
present studies, partial inactivation of the IgG antibodies was
obtained with the fractionated chicken sera. This finding was not
surprising in view of earlier findings that partial IgG
inactivation with 2-MB occurs with chicken antibody (Rosenquist
and Gilden, 1953; Szenberg, Lind and Clarke, 1965).
DISCUSSION
It is evident from the above studies, as well as
from those of the previous chapter, that the phenomenon of in-vivo
sensitization of erythrocytes diiring acute fowl typhoid is of a
common occurrence (Table 8) and is also associated with a critical
stage of the induction of the anaemia and the disease syndrome
it self .
The hypothesis has been offered above which suggests
that during infection the attachment of bacterial antigen to
erythrocytes in-vivo subsequently results in the rapid elimination
and destruction of these sensitized erythrocytes as a consequence
of their reaction with homologous bacterial antibodies. The view
has, however, been expressed elsewhere that since in-vivo
erythrocyte sensitization is a rare and uncommon event in bacterial
infections in general, the phenomenon therefore may play only a
minor role in the pathogenesis of anaemia of these infections
(Shumway, Bokkenheuser, Pollock and Neter, 1963; Dacie, 1967).
This assumption, and the reasoning behind it, appears to be
incorrec t/
incorrect for two reasons. Firstly, as reviewed in Chapter I,
in-vivo sensitization is not uncommon; it may occur during many
bacterial, especially enteric infections, and may not have been
detected in the past for the simple reason that it was not sought.
In the past, anaemia of acute infection was regarded as the
dyshaemopoeitic type (Saifi and Vaughan, 1944; Cartwright and
V/introbe, 1952), and it was believed that the disturbance of
erythropoeisis is merely part of the general toxaemia or disturbance
of metabolism. Consequently, not often were the serological
modifications and the immune responses examined. Besides, careful
inspection of the data presented by various workers who had
reported the occurrence of in-vivo erythrocyte serological
modification during certain gram-negative bacterial infections
(Berman, Brown and Rahmilewitz, 1945; Shaw, 1951; McFadzean and
Choa, 1953; drobbelaar, 1958; Ruggieri, 1961; Young et al., 1962;
Retief and Hofmeyr, 1965) reveals that the detection of even some
of these erythrocyte alterations has been fortuitous. Since the
phenomenon of in-vivo sensitization frequently occurs in the
absence of underlying haemolytic anaemia (Stratton and Renton,
19 59; Saito et al., 1961; Young et al„ 1962; Springer and Ansel 1,
1962; Springer and Morton, 1964) it is possible that the detection
of sensitization generally would be left to accident, except for
those cases showing overt haemolysis. Consequently the observed
incidence of in-vivo sensitization in bacterial infections would be
on the low side. Furthermore, the scarcity of published re orts
on erythrocyte changes in acute bacterial infections, especially
those caused by gram-negative bacteria, may also be due to the
fact that the associated anaemia is of uncommon occurrence (Cart-
wright/
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Cartwright and Wintrobe, 1952; einstein and Beutler, 1962;
Mitus, 1966; editorial, 1967). The anaemia of acute gram-
negative bacterial infections is probably commonly of the low-grade
variety; in that case it is conceivable that not much attention
would be paid to this clinical symptom unless it is severe enough
to mask the other clinical signs.
The second reason is that there have been no studies
to show unequivocally what role the phenomenon of in-vivo
sensitization plays in the rapid destruction of these cells. It
has been impossible, before now, to obtain an adequate and
convincing direct evidence to support the hypothesis offered above,
but as the present results indicate, fowl typhoid presents a
suitable experimental model for this purpose.
The experiments carried out in the present study lend
convincing support to the concept offered above for the mechanism
of anaemia of acute fowl typhoid, and probably other gram-negative
bacterial infections as well. Buxton (I960) has suggested that
the development of the anaemia is the result of increased activity
of the RES, which may become stimulated during S,gallinarum
infection and therefore may be able increasingly to take up
sensitized erythrocytes. Nevertheless, the present demonstration
of coincidence of erythrocyte sensitization and the onset of
haemolytic episode,with a sharp increase in the haemagglutinating
antibody response,makes it ro e likely that the rapid destruction
of erythrocytes is a consequence of an in-vivo antigen-antibody
reaction, analogous to a Type II hypersensitive reaction described
by Gell and Coombs (1968). This conclusion is supported by the
finding of a sudden decrease in haematologic values for example,
haemoglobin/
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haemoglobin, haematocrit, and total circulating ei*ythrocytes
at a time when homologous bacterial antioodies, engendered during
infection, appear in the circulation. These processes were also
found to coincide with the period when in-vivo erythrocyte
sensitization could be detected and, in some cases, sudden
disappearance of these sensitized cells could be demonstrated during
this critical period. The haemolytic anaemia which develops
characteristically during this infection may therefo e be the result
of a specific immunological reaction.
The suggestion that the sensitized erythrocytes are
rapidly removed and clearance is probably enhanced by the
appearance of homologous bacterial antibodies is in agreement with
the finding in other species that in-vivo haemagglutination, arising
from antigen-antibody reactions, results in the rapid removal of the
erythrocytes by the RES (Jandl, Jones and Castle, 1957; Mollison
and HughesTJones, 1958). Furthermore, the finding that intravenously
injected heterologous and homologous erythrocytes in animals
possessing, respectively natural hetero- or iso-antibodies, are
rapidly cleared from the circulation and destroyed by the RES
(Benacerraf e t a 1.. 19 57; Hughes-Jones e t a 1., 1957 ; Jandl and
Tomlinson, 1958; Cutbush and Mollison, 1958; Cutler, 1961;
Mollison, 1962; Mollison and Hughes-Jones, 1967) lends further
support to the contention that the anaemia of fowl typhoid may
primarily be due to the alteration of erythrocytes or occurrence
of immunological reactions on the erythrocyte surface and only
secondarily to the stimulation of the RES (Chapter II).
Even though in-vivo erythrocyte sensitization has
been shown by previous workers to be possible (Saito et a 1., 1961;
Young et a 1.. 1962; Springer and Ansell, 1962; Springer and
Hor ton/
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Horton, 1964; Springer, 1964), the o currence of overt haemolytic
anaemia was not reported. Nevertheless, numerous other clinical
observations on tuberculosis in human and animal patients have
demonstrated the association between tuberculosis and increased
haemolysis. (Mollison, 1947; Lindeboom, 1950; Sandage,
Brandt and Birkeland, 1951; Klimes and Celer, I960; Jandl,
Jacob and Daland, 1961). Similarly, when Young and colleagues
(Young et al, 1962) reported that erythrocytes from 2 infants
with E. col i enteritis had acquired bacterial polysaccharides on
their surfaces they did not report any concomittant development of
anaemia. From their data they suggested that bacterial lipo-
polysaccharides, some of which had blood group B-like antigens,
crossed the intestinal mucosa to enter the infants' circulation
during attacks of diarrhoea. Nearly identical findings, where
blood group B-like antigens or £.co1i polysaccharides have been
detected on erythrocytes of children and chickens with severe gastro¬
enteritis, have been reported by Springer and Ansell (1962),
Springer and Horton (1964) and Springer (1964). Isolated, soluble
blood group B-antigens have since then been found to be
serologically and antigenically identical with bacterial lipo-
polysaccharides (Springer and Ansell, 1962; Springer and Horton,
1964; Springer, Wang, Nichols and Shear, 1966; Springer, 1967).
The main interest, however, of the above authors
in the clinical cases of in-vivo erythrocyte sensitization reported
seemed to be merely concerned with the serologic and antigenic
nature of the acquired erythrocyte antigen. Nevertheless, there are
several recorded observations of the occurrence of abnormalities
of erythrocytes and haemolytic episodes in man and animals with
diver se/
diverse forms of severe enteritis, even though their association
and probably significance have not been generally stressed. For
example, severe haemolytic episodes and positive direct Coombs'
test (DCT) are well-known complications of S.typhi infection in
man (Flandin et a 1., 1935; Berraan et al., 1945; Shaw, 1951;
Gordon-Smith, 1951; McFadzean and Choa, 1953; irobblelaar, 1958
Ruggieri, 1961; Retief and Hofmeyr, 1965) and other salmonella
infections (Davidson and Fullerton, 1958; Dacie, 1967).
Presumably in these cases the positive antiglobulin tests were
detecting anti-salmone1la antibodies developed against adsorbed
salmonella polysaccharide. This conclusion is supported by the
present finding of similar abnormalities (Types III and IV
sensitization) of erythrocytes during acute fowl typhoid.
Furthermore, the finding that the time of transition from Type II
to Type III sensitization generally did not exceed 24 hours
(Table 7), may also help to explain the constant observation of
only positive DCT erythrocytes in the a ove human erythrocyte
cases of salmonellosis. Significantly, the above human
erythrocyte abnormalities were detected at a time when severe
anaemia, and sometimes haemoglobinuria, was observed. This
indicates that the two processes may be causally related as they
appear to be from the present studies on fowl typhoid.
There are other several gram-negative bacterial
infections in man and animals in which increased haemolysis has
been observed, and these include infections caused by C.coli
(Horowitz, Javid and Spaet, I960), Vibrio cholerae (De, Sengupta
and Chanda, 1954) and Brucella (Bell and Irwin, 1938; Calder,
Steen and Baker, 1939; Ferguson, Irwin and Beach, 1945). Overt
haetnol ysi s/
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haemolysis has also been found associated with miscellaneous
forms of gram-negati e bacterial septicaemias (Brown et al., 1944;
Brown, 19 50; Kleeman and dpstein, 19 57; Rapaport et al., 1964).
Apart from the demonstration of in-vivo erythrocyte
sensitization, further evidence of erythrocyte abnormality
associated with acute S.gal1inarum infection is provided by the
experimental results of alterations in osmotic fragility of the
erythrocytes. The findings that the erythrocyte osmotic fragility
is greatly increased and is reflected in a binodal curve, confirm
the previous observations of Buxton (I960) and further demonstrate
that this anaemia is of the haemolytic type. This conclusion is
supported by the findings that increase in erythrocyte fragility
has been noted in most cases of haomolytic anaemias (Dinning,
1962), and Suess et al. (1948) and Bolton (1949) have shown that
in cases of haemolytic anaemia a characteristic binodal curve is
always obtained. The above results also indicate that the abnormal
fragility curves may be due to the sensitization of the erythrocytes
rather than the presence of reticulocytes in the circulation, as has
been suggested by Suess and colleagues (1948) to explain the binodal
curves obtained in their studies. In support of this conclusion
are the observations that the binodal curves in some of the
infected chickens, especially in surviving animals, showed a
temporary existence and also coincided with the appearance of the
sensitized erythrocytes and not with the accompanying reticulocytosis.
In addition, when control chickens were bled until they developed
anaemia to the same degree as infected animals, and when
reticulocytosis was nearly as severe, no binodal curves were obtained.
Reticulocytes are re lat ively thin and show maximum lysis in weaker
concentrations/
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concentrations of salt than those reqtired to lyse the majority
of normal erythrocytes (Archer, 1965; Aacie and Lewis, 1968);
that is, there is a 'shift to the left'. In the case of the
experiments reported here, the 'shift was to the right', where a
large proportion of the cells were haemolysed at a higher
concentration of salt because of decreased resistance.
Significantly, the curves coincided with both the times at which
sensitized erythrocytes were detected and when the haemolytic
anaemia was observed. The development of these curves are
therefor • clearly characteristic of the generalised bacterial
infection, and moreover, the coincidence of these abnormalities
with the time of death sug.ests that all these phenomena may be
causally, and intimately, related.
The decision to classify erythrocy•es, which
di rec tly agglutinate with the Coombs antiglobulin serum (positive
DCT) as separate Types III and IV sensitization, needs comment.
Unlike Type III cells, the Type IV sensitized cells were first
s :own to agglutinate with the ICT, thus indicating that a bacterial
antigen might have been ads rbed on to the erythrocyte surface.
Their subsequent transfer to direct Coombs' positivity therefore
indicated that these same cells have reacted with homologous
antibody in-vivo. Thus, the strong possibility exists that the
sensitizing factors of the Type IV erythrocytes are complexes of
b cterial antigen and homologous antibody globulins. In contrast,
the Type III cells, which may be due to bacterial antigen —•
antibody complex, could also equally be due to a number of other
factors, either immunologically or non-immunologically acquired.
The reasons for these conclusions are that these cells never
agglutinated/
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agglutinated when tested with the ICT, and direct Coombs*
positivity siraply indicated the in-vivo adsorption of globulins,
and not necessarily antibody. Non-immunologic adherence of serum
proteins to normal erythrocytes have been observed (Stratton and
Jones, 1955; .■ arner, 1962) or reticulocytes (transferrin) Jandl,
I960; Sutherland, Sisentraut and McCall, 1963; Jensen, et al., 1965),
and specific antibodies directed against endogeneous stromal anti ens
exposed by infectious agents (Facie, 1963; 1968) may also give a
positive result with the OCT.
Observations in the previous chapter had suggested
a possible relationship between the duration of infection, the type
in-vivo erythrocyte sensitization, the severity of the haemolytic
episode and mortality rate. To confirm this in a more general way,
data from other aspects of these investigations are correlated.
The results are presented as a histogram (Fig.21) which reveals a
definite relation between the parameters enumerated above. Thus,
animals dying very quickly after infection neither showed sensi¬
tization (Type I) nor any significant anaemia. In contrast, animals
exhibiting the Type III sensitization were either the last to die
or else survived. Moreover, the anaemia associated with this
group v/as only moderately severe. Chicken exhibiting Type II
sensitization invariably developed acute disease and died with
severe anaemia. Similarly, this pattern was also observed in
chicken with Type IV sensitization; that is, those in which a
transition occurred from Type II to III. In general, the major ty
of chickens died between the fourth and sixth days after infection
(73.6 er cent of total mortality) and during the peak period on the
fifth day alone 33.8 per cent died. Fig.21 also shows that at this





FIGURE 21 The Relationship Between the Type of in^yii^yo
Erythrocyte Sensitization, the Severity of the
Haemolytic Episode (Hb.conc.)» the Rate of
Mortality and Duration of Infection.
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The significance of these relationships is not
very clear. However, it is possible that in the per-acute cases,
where chickens died without demonstrable sensitization or anaemia,
death may have been due to abnormal susceptibility to endotoxin;
as a result, death occurred before sufficient endotoxin was
available to give rise to sensitization. As an explanation of
Type II deaths it may be that here, combination with antibody also
occurred but extremely rapid elimination of erythrocytes wWch occurred
in these cases may have led to the failure to demonstrate it.
The continued persistence of Type III sensitized
erythrocytes (that is, those detectable by XT) may be due to the
possibility that initially, the sensitized cells are rapidly removed
from the circulation by the sessile or stationary macrophages of the
RSS and destroyed, but later, as the RCS becomes increasingly impaired
functionally, the sessile macrophages are unable to phagocytose and
destroy all the sensitized cells presented to them. The excess cells
therefore remain in the peripheral circulation where they may be
detected continua lly. Peripheral erythrophagocyto sis by monocytic
cells (Zinkham and Diamond, 1952; Conway, 1953 and Jandl and Tom-
linson, 1958) probably destroys some of these cells but this is
unlikely to have any immediate impact on the overall numbers of
sensitized cells for some time because of continuous erythrocyte
sensitization and entry into the general circulation.
Alternatively, persistence may indicate a protective
action by the coating globulin, as have been su jested for certain
conditions of positivity of Coombs antiglobulin serum (Jandl and
Simmons, 1957; Lindsey, Donaldson and oodruff, 1966). It seems
worthy of consideration that the acquisition of a coating of
globulin/
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globulin, though possibly disadvantageous from an immunological
point of view, might also protect tho erythrocytes from further
destruction by the RES under certain conditions. The suggestion
that a coating of lobulin may be protective in various contexts
is by no means new; the concepts in this regard have recently
been reviewed by Thomas (1964). In the present context, it is
suggested that a different type of antibody —— protective rather
than destructive — occasionally becomes adsorbed on the
erythrocytes. Significantly, all the surviving chickens
exhibited Type III erythrocyte sensitization.
An intriguing feature of the present experimental
results is the apparent relation between the type of in-vivo
erythrocyte sensitization and the time of appearance of complete
haemagglutinating antibodies to S.gallinarum O-antigen during
infection. Inspection of the indivudal erythrocyte sensitization
patterns in the infected chickens (Figs.lO - 16) reveals that
animals in v/hich complete haemag lutinins were produced exhibited
the 3 positive types of sensitization of their erythrocytes.
In contrast, in chicken showing no haemagglutinating antibody
erythrocyte sensitization was never de; ionstrated. In general,
however, early appearance of complete haemagglutinins appeared to
relate to either Type III or IV sensitization, whereas late
appearance of this type of antibody resulted in the formation of
mainly Type II sensitized cells. These observations provide
further evidence in support of the suggestion that an immunolog-
i ca lly-mediated mechanism may be responsible for the development
of the anaemia associated with this infection.
This study has also demonstrated that in acute
S.gal1inarum/
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S.gal 1 inarum infections in chickens, antibodies may be detected
in the serum by the second day, using the antiglobulin haema;glut-
ination test, and only later by the haemagglutination test.
Similar observations have been made by Buxton and Davies (1963),
but the antibodies were not characteriaed. Characterization of the
immune response at the critical stage of the induction of the
anaemia in these studies showed that a large a ount of the specific
antibody is present in the IgM fraction (Fig.20a, b). In addition,
v/hen daily serum samples from infected chickens were characterized,
it was observed that a greater part of the early specific anti¬
bodies resided in the IgM fraction; the IgG antibodies appeared
only in later serum samples. This sequential production of
IgM and IgG is similar to that reported by Turner, Jenkin and
Rowley (1963) from experiments with S.typhi-murium in mice, and by
Allan, Duffus and Higgins (1968) and Duffus and Allan (1968) with
chickens orally infected with S.gal1inarum.
Considering that IgM is more proficient than IgG
in agglutinating sensitized erythrocytes (Greenbury, Moore and Nunn,
1963; Grey, 1964; Benedict, 1965; Lindquist and Bauer, 1966;
Burton and Mollison, 1968), and the finding that large amounts of
specific IgM could be demonstrated during the haemolytic period,
it is suggested that the antibody which may be directly involved
in the immune rapid clearance and destruction of sensitized
erythrocytes is of IgM class.
A striking feature of the experiments reported here
needs comment. This was the persistence, although transitory,
of positive ICT (Type II sensitized) erythrocytes in the presence of
circulating anti- 3.gal 1inarum (polysaccharide) antibody which
would normally be expected to have reacted readily with the
sensitized/
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sensitized erythrocytes (Table 6; see also chicken nos. 2D,
4D and 11D of Figs.10,11 and 15 respectively), provided that the
in-vivo sensitizing antigen is S.gal1inarum polysaccharide.
However, these cells were eventually cleared, presumably by the
appearance of specific or high-affinity antibodies. Several
explanations seem to be possible for the apparent paradox of
Type II sensitized cells and, apparently, homologous antibody
co-existing simultaneously in the circilation. The condition
can be produced by heterologous antibody response to the adsorbed
erythrocyte bacterial antigen, with varying binding capacities
(Eisen and Siskind, 1964). An early low-affinity homologous
antibody, but later, with the probable appearance of high-
affinity specific antibody, such a reaction would readily occur,
with consequent rapid clearance of the cells from the circulation
as the present studies indicate. Similar patterns of reactivity
and clearance will also be observed if, during this period, there
is an absence of specific antibody reactive with the adsorbed
antigenic determinant on the erythrocyte surface. Thus, the
possibility of a different adsorbed antigen mist also be
considered. In-vivo alteration of adsorbed antigenic determinants
may also render them unreactive to homologous antibody. This
would, however, not seem to be the explanation of this condition
since subsequent reaction of the sensitized erythrocytes with
antibody, and rapid elimination of the same cells have been
observed soon afterwards in chickens which eventually became very
anaemic. However, as with the antigens of C.burne t ti (Bakemeier,
1965) and penicillin (Epp, 1962), there may be a difference between
the antibodies detected by cells to which 5.gal1inarum polysaccharide
is/
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is merely adsorbed in-vitro, and those to which the polysaccharide
is fir ly linked in-vivo, probably by a different chemical bond.
It is also likely that continuous re-seeding of the circulation
with sensitized erythrocytes, but non-comparable increase or change
in specific antibody, would result in the persistence of these
sensitized erythrocytes. This could conceivably happen if the
process of sensitization of erythrocytes occurs somewhere, perhaps
in the R£S, from where the release of continuous stream of
sensitized cells into the circulation is feasible. V.hether this
latter process represents an important cause of this condition
remains to be determined.
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CHAPTER IV (PARTS I AND II)
THE IN-VIVO ERYTHROCYTE SENSITIZING FACTOR : EVIDENCE F
A BACTERIAL LI PO -POLYSACCHARI DE
GEN ERAL INTRODUCT ION
The impression has been conveyed that in-vivo
erythrocyte sensitization during bacterial infections is a
rare phenomenon (Shumway e t a 1., 1963; Dacie, 1967). However,
in previous chapters is was indicated that in-vivo sensitization
of erythrocytes occurs not infrequently in various bacterial
diseases of man and animals.
The question immediately arose as to the nat ire
of the sensitizing factor. The fact that 1ipo-polysaccharide
can be easily adsorbed to erythrocyte in-vitro (Neter, 1956)
suggests that this was the most likely bacterial component
responsible for in-vivo sensitization. Although Buxton ( 1959a,),
Saito, et al. (1961), Young, et al« ( 1962), Springer and Horton
( 1964) and Springer ( 1964) have all su ;gested that bacterial
polysaccharide antigens do adsorb on erythrocytes in-vivo during
certain infections, unequivocal evidence to show this has not
been out forward. The oossibility that substances besides
bacterial polysaccharides sensitize erythrocytes cannot be excluded,
and evidence to clearly demonstrate the specific identity of the
sensitizing factors is overdue
The object of these studies was therefore to make
detailed parallel studies between erythrocytes sensitized in-vitro
to various degrees with S.gal 1inarum polysaccharide and in-vivo
sensitized/
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sensitized erythrocytes recovered from chickens with acute fowl
typhoid. Comparative studies of this nature may enable more
definite conclusions to be drawn as to the nature of the in-vivo
sensitizing factor(s) and the degree to which in-vivo sensitized
erythrocytes are specifically altered.
For ease of presentation, the data in this chapter
has been divided into two parts :
(1) Part I : Investigations based on the biologic and
antigenic properties of the sensitizing
factor(s). For example, the pyrogenic and
leucocytic effects and specific antibody
re ponses.
(2) Part II : 'Evidence based on :
(a) Immunofluorescence.
(b) Attempts to elute and dissociate the
sensitizing factors from the erythrocyte
surface.
(c) Fleetrophoretic mobility studies.
PART I
INTRODUCTION
The possibility that the sensitizing factors might
be a specific 1ipo-polysaccharide—endotoxin derived from the
infecting salmonella organism — ■ led to the use of procedures
based on the known biologic and serologic properties of this
material/
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material as a means of possible identification of the in-vivo
sensitizing components.
The pyrogenic effects of injected endotoxin,
especially in rabbits, are well known (Thomas, 1954; Atkins,
I960; Keene, Silberman and Landy, 1961; Serlin and ood, 1964;
Kimball and Wolff, 1967), as well as its ability to induce
characteristic changes in the leucocyte levels (Atkins and Snell,
1964; Ititts, Young and Arndt, 1964; Visscher, 1965; Sheagren,
Wolff and Shulman, 1967). It was therefore considered that
injection of washed, pyrogen-free suspensions of in-vivo
sensitized erythrocytes, devoid of any contaminating bacterial
organisms, would provide convincing evidence for the presence of
an endotoxin-1ike factor, probably specific polysaccharide, on
the erythrocyte surface.
It was also decided to determine if the sensitizing
factor was immunogenic, and if so, to ascertain if the antibodies
resulting from the injection of in-vivo sensitized cells reacted
with extracted S.gallinarum 1ipo-oolysaccharide.
MATERIALS AND METHODS
Animals: (a) Adult, 6-month old, female 'Hybrid 66' (Chunky
Chick Ltd.) were fed, housed and infected with virulent S.gal1inarum
as previously described (Chapter II). Groups of 3 chickens were
infected at intervals of 3 or 4 days in order to ensure a c nstant
and regular supply of sensitized erythrocytes.
(b) Approximately 60 albino rabbits of both sexes,
weighing between 2 and 2.5 Kgms. from the same colony, were used.
Variability, especially in the pyro ;enic response of individual
rabbits, was kept to a minimum by observing precautions to prevent
erno t i ona 1 /
109.
emotional hypothermia (Grant, 1950). These included training
in stocks, application of minimal restraint during the pyrogenic
test, use of animals from a single source of supply, and
standardizing the base-line temperature at 101°F to 102°F,
Collection and Preparation of in-vivo Sensitized Erythrocytes for
Inj ec tion: erythrocyte samples from infected chickens were
tested daily for sensitization by the ICT and DCT (Chapter II),
Once sensitization had been observed, the animal was bled, and
the red cells washed at least 5 times with pyrogen-free saline
(BDH Ltd. Poole), The sterility of the erythrocyte sample was
checked (vide infra) and a standard amount injected into normal
rabbits for the estimation of the pyrogenic, leucocytic and
antibody responses.
■erythrocyte Gteri lity Check: It was important that the inoculum
in-vivo sensitized erythrocytes should be absolutely free of
any contaminating S, ga 11 inarum organisms and any potential non¬
specific pyrogen. Consequently, sterility of the cell preparations
had to be ensured before being injected. A special technique was
developed to ensure this} the heparinized blood samples were first
rendered completely free of leucocytes. The erythrocytes were
allowed to sediment by gravity for between 1 and 2 hours at 37°C
(Bradley and Oppenheim, 1967) and the supernatant leucocyte-rich
plasma was removed. A deposit on erythrocytes was prepared by
repeated washing and slow centrifugation and suspension after
removal of remaining "buffy-coat". Then, narrow-bottomed Pasteur
pipettes were used for the final preparation of purified erythrocyte
inoculum. This was achieved by carefully breaking the bulbous
bottom of the pipette with a pair of forceps after every
centrifugation,/
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centrifugation, and allowing the sedimented, packed erythrocytes
to gradually drip into another pipette. The top white cells and
a small upper portion of the red cells were discarded after each
washing. This treatment ensured a relatively pure preparation
of sensitized erythrocytes for rabbit inoculations. However,
before such cells could be injected, the absence of any contamin¬
ating bacterial organisms was confirmed by microscopic examination
of stained preparation of the cell or the inoculation of a
loopful of the cell preparation into selective media, including
Selenite broth, Brilliant Green agar and MacConkey lactose bile
salt agar. After overnight incubation, samples from the fluid
media were smeared and stained with either Leishman's or May-
Irunwald stains, and examined mi roscopically.
Apart from cultured methods, purity and sterility
were also investigated by direct staining of normal erythrocyte
smears following their incubation with S.gal 1inarum organisms:
serial di1utions of washed viable bacterial organisms were
incubated with equal amounts of 1.5 per cent suspension of normal
chicken erythrocytes for one hour. Samples from the highest and
lowest dilutions, with some intermediate dilutions, were washed,
smeared, stained and microscopically examined.
Thoroughly checking for sterility of the erythrocyte
inocula necessitated the storage of the samples a.t 4°C overnight 5
the samples were used only when no grov/th was observed after
examination of the selective and enrichment media.
Estimation of Minimal (and Maximal) Sensitizing and Pyrogenic
roses: /
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Estimation of Minimal (and Maximal) Sensitizing and Pyrogenic
Doses: The purpose of these preliminary experiments was, firstly,
to find the approximate concentration of specific polysaccharide
extracted from S,gal1inarum which, when adsorbed on erythrocytes,
would give t e same range of antiglobulin haemagglutination titres
as could be obtained with in-vivo sensitized erythrocytes taken from
infected chickens; secondly, this procedure, by enabling cells to
be sensitized in-vitro to the same extent as cells obtained from
infected chickens,would permit direct comparison of the leucocyte
and pyrogenicity tests,in rabbits,of in-vitro and in-vivo sensitized
cells to be made.
A unit of pyrogenicity, based on the second fever
res >onse at the 3-hour point, has been introduced as the Minimal
Pyrogenic Dose-3 hour (MPD-3) by V'atson and Kim (1963). They
defined this unit (MPD-3) as the amount of endotoxin required to
produce 1°F rise in the second fever peak; this was estimated
to be 0.004 pgm per Kgm. body weight. They also demonstrated that
lOO MPD-3 in a rabbit, weighing between 1 and 2 Kgms., increased
both the fever response to the upper limits of the linear dose-
response curve (4°F increase) and rendered the contour of the curve
more biphasic.
5 mis. of 1 per cent suspension of erythrocytes were
sensitized in-vitro with O.l ml. of various concentrations of
specific bacterial polysaccharide and titrated against doubling
dilutions of pre-diluted homologous antiserum. (Unless otherwise
stated, specific homologous antiserum used in these experiments
refers to immune serum obtained from chronically infected chickens.)
The/
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The results, summarized in Table 9 show that the
0.1 ml. of 2 to 3 pgm per ml. of polysaccharide (endotoxin) v/ould
sensitize 5 mis. of 1 per cent suspension of chicken erythrocytes
to give the same ICT titre as the average in-vivo sensitized
erythrocytes from infected chickens (Chapter III). Thus, 0.5 pgm.
of salmonella polysaccharide will sensitize O.l ml. of packed,
normal chicken erythrocytes to give the same ICT titre as in-vivo
Type II sensitized erythrocytes. (This quantity of polysaccharide
wi11,henceforth,be referred to as the "minimal sensitizing dose").
The results also gave an estimate of the quantity of polysaccharide
needed to "maximally" sensitize the erythrocytes in-vitro for
complete haemagglutination.
Preliminary studies, in which 1 ml. volumes of
various percentage suspensions of minima iiy sensitized erythrocytes
were administered intravenously into groups of rabbits, showed
that the 70 per cent saline suspension of cells v/ould give the best
reproducible biphasic fever contours (Fig.22(B)). The same amount
of control non-sensitized erythrocytes, injected similarly,
developed only low-g ade monophasic pyrogenic elevations in
temperatures (Fig.22(D)). These experiments enabled a standard
dose of in-vivo sensitized erythrocytes to be calculated. Thus,
1 ml. of 70 per cent suspension of erythrocytes —— either in-vi ti-o
or in-vivo sensitized —- was injected into rabbits for pyro ;enic
and leucocytic examination.
Injections in Rabbits: Rabbits were injected with normal or
sensitized erythrocytes intravenously into the marginal vein to
investigate both the pyro;enic, leucocytic and antibody responses.
In addition to the above, erythrocytes v/ere injected,
in/
TABLE9
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in complete Freund's adjuvant (CFA), into groups of normal rabbits
to investigate their immunogenicity. 0.3 ml. of packed erythrocytes,
mixed thoroughly in CFA, was injected into each popliteal lymph
node by the method described by Newbould (1965). The same rabbit
also received 0.4 ml. cells in CFA intramuscularly and 0.4 ml.
cells in saline intravenously. This procedure was repeated with
a number of rabbits, injecting either Types II and III sensitized
erythrocytes, in vitro sensitized or normal erythrocytes. abbits
were bled on appropriate days when peak immune responses were
expec ted.
Sterile, pyrogen-free disposable needles and
syringes were used throughout.
Recording of Pyrogenic Response: Temperatures v/ere taken at
15 minute intervals with a clinical thermometer inserted deep
into the rectum. On the day before, the rabbits had been trained
for 6 to 8 hours in specially constructed wooden stocks with loose
fitting collars. On the day of study, temperatures were
monitored for at least 1 or 2 hours prior to injections to ensure
a steady base-line. Animals v/ere used only if the base-line
temperatures were between 101°F and 102°F. Febrile responses were
plotted on a standard arithmetic graph paper.
Collection of Rabbit Blood Samples: Blood specimens for the
leucocytic and antibody assays were obtaine in 1 to 2 ml. samples
from the marginal ear vein. Animals were bled on the day before
and on the day they were to be injected with the sensitized
erythrocytes. Individual samples for leucocyte counting were
collected in disposable Sequestrene tubes, whilst samples for
antibody/
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antibody assay were allowed to clot at room temperature, and
the serum then separated, inactivated and stored at -20°C
until required.
Estimation of Leucocytic Changes: Blood samples, collected at
regular intervals of 10, 30 minutes 1, 6 and 24 hours after
injection of 1 ml. volumes of 70 per cent suspension of sensitized
erythrocytes, were estimated for changes in total leucocyte counts
by the procedure described by Archer (19 >5). The improved
Neubauer counting chamber was used,together with 1.5 per cent
glacial acetic acid to wnich was added 1 per cent gentian violet.
Specific Antibody Assay: Antibody assay was pe formed on pooled
stored sera. It included those sera obtained from rabbits used
in the pyrogenicity studies (vide supra), and also from groups of
animals in v/hic the immune response was investigated independently
by intravenous and intra-lymph node injections.
S.gallinarum haemagglutinating antibody was
determined using the indirect haemagglutination test described
previously (Chapter III), except that rabbit erythrocytes were
sensitized maximally with the alkali-treated specific polysaccharide
from S. gal 1 inarum. The titre v/as expressed as the reciprocal of
the final serum dilution giving grossly visible agglutination.
In all, more than 2 dozen rabbits were used to study the immune
response.
Haema glutinin-Absorption Test; This test was used both to confirm
the specificity of the rabbit haemagglutinins produced after the
injection of the sensitized erythrocytes, and to investigate the




The specificity of the induced haemagglutinins was
determined by pre-incubation of equal amounts of the rabbit
antiserum and a known concentration of specific polysaccharide.
The mixture was then titrated against maximally sensitized rabbit
erythrocytes. 0.2 ml. amounts of the antiserum and the poly¬
saccharide were used for the absorption, and the time for
incubation at 37°C did not exceed one hour.
To establish the specificity of the in-vivo Type II
sensitized erythrocytes, a similar procedure as de cribed above,
was employed. However, packed Type II in-vivo sensitized
erythrocytes w re pre-incubated with a specific chicken anti-
S.gal1inarum polysaccharide serum of known titre. Absorptions
were carried out by adding 0.3 ml. antiserum to an equal volume of
washed, packed in-vivo sensitized erythrocytes and incubated at
37°C for one hour. The contents of the tubes were regularly
mixed, and the absorbed antiserum was then tested for any residual
antibody, using chicken erythrocytes maximally sensitized in-vitro
v/ith S.ga11 inarum polysaccharide. Other batches of these cells
were also used for control absorption tests on the antiserum.
Preparation of Specific Chicken anti-polysaccharide Serum: Specific
immune serum were prepared in adult Ihode Island Red hens against
>.gallimi rum 1ipopolysaccharide by a double inoculation schedule.
e
Chickens were first injected with 10 mg. of polysaccharide
intravenously and then left for 21 days, when the antibody titres
had stabilised at 20 per cent of the primary maximal titre
(1 hilhol land, Jackson and Landy, 1965). Then they were re-injected
with the same dose of polysaccharide. The chickens were sa spied
daily/
daily after the second injection, and when a reasonable titre
had been produced usually between 4 and 5 days .. . they were
bled out. Sera from these animals were pooled, heat inactivated,
final haemagglutinin titre determined and stored until required.
Preparation of rabbit Specific Anti-Chicken Immunoglobulin Sera:
Specific anti-chicken immunoglobulin sera were prepared in rabbits
by the intra-lymph node injection of antigen-antibody complexes
prepared by immuno-electrophoresi s (Goudie, Home and Wilkinson,
1966). The antigen used was chicken garnma globulin antibody,
prepared by injecting chicken with bovine serum albumin (BSA) and
precipitating the resultant anti-BSA with BSA at the various stages
of the immune response. The various stages of production of
specific anti-chicken X-globulin serum were as follows:
(a) Antibody Production in Chickens (Anti-BSA): Adult Rhode
Island Red hens were injected intravenously with 40 mg. BSA
(Dreesman, Larson, Pinckard, Jroydon and Benedict, 1965) and bled
6 days and 10 days after injection. The animals were again bled
after repeated intramuscular injections of IO mg. BSA.
(b) Preparation of Antigen-Antibody Precipitates: BSA in 7
per cent NaCl was double diluted and an equal volume of chicken
anti-BSA. was added to each test sample. The tests were carried
out separately on the sixth, the tenth and the prolonged
immunisation serum samples. The equivalence point of the
precipitate was determined vi ually at room temperature. Required
quantities of precipitate were prepared for the intra-lymph node
injection of rabbits at the range of equivalen e point. The
reaction was allowed to proceed for 4 hours, then precipitates were
washed 6 times in 7 per cent NaCl and reconstituted to a small
volume/
118.
volume (one quarter to one eighth of original antigen-antibody
mixture in physiological saline.
(c) Preparation of Rabbit Anti-chicken tf-g lobul ins ; Adult
rabbits of both sexes were given O.l ml. mixtures of chicken
anti-QSA-BSA precipitates in complete Freund's adjuvant (CFA)
by the intra-popliteal lymph node injection (Newbould, 1965).
A month later, further injections of the same antigen-antibody
mixture were iven, one intravenously and several by the intra¬
muscular route. 131 ood was collected 10 days later.
(d) Preparation of Immunoglobulin Antigens: Normal chicken
serum was electrophoresed in 1 per cent Difco Noble Agar in
barbitone acetate buffer (Oxoid)(pH 8.6) ionic strength, 0.05
by the method described in the previous chapter. Troughs were
cut after the run and rabbit anti-chicken $-globulin, prepared
above (c), was allowed to diffuse for 48 hours. Three lines were
seen in the gamma region, and these were identified as OGj > ^G^
and & on the basis of similar appearance to these immunoglobulins
in other species. These precipitin arcs were careftilly excised
and treated according to the method described by Goudie and
colleagues (Goudie e t al., 1966).
(e) Preparation of Specific Rabbit Anti-chicken Immunoglobulin
Sera: ashed immunoglobulin complexes were injected into rabbits
by the intra-popliteal lymph node technique. The method was
followed as described above for raising anti-chicken ^-globulins in
rabbits. Different rabbits were injected with either ^G^ ^ ^^*2
or $ f' bands. The specificity of the antisera was confirmed by
immunoelec trophoresis .
Before being used, the anti-IgG and anti-IgM sera
were/
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were mixed in equal proportions, inactivated of complement,
absorbed of natural haemagglutinins and standardized so that the
final specific antiglobulin serum employed in the present
experiments was, in fact, a mixture of anti-IgG and-IgM.
Antiglobulin haeaaaglutination-Inhibition Test (AH-IT): It was
essential that this test be properly standardized, and validity
of the results tested, before being used in the investigations.
Therefore, preliminary experiments were carried out to estimate
the sensitivity and specificity of the test. This consisted of
dilutions of homologous antiserum, decreasing concentrations of
s ;ecific polysaccharide, and normal chicken erythrocytes
sensitized minimally in-vi tro. The result of these experiments,
de icted in Table 10, show that complete inhibition of the reaction
could be achieved when 0.1 ml. amounts of specific polysaccharide
concentrations ranging b-tween 5 and 7 pgm per ml. .. . were
pre-incubated with the standardized, fixed dilution of homologous
antiserum. The mixtures were later titrated, with in-vitro
minimally sensitized cells as the indicator-cell system.
In the actual test, pre-absorptions were carried
out by mixing together equal volumes of 0.1 ml. of a fixed dilation
of 1 ... 11 ina rum antiserum and serial quantities of homologous antigen
(polysaccharide). After incubation at 37°C for one hour, the
contents of the tubes were tested for residual antiglobulin
haemagglutinins by the indirect antiglobulin haemagglutination
test. 1.5 per cent suspension of in-vivo Type II sensitized
erythrocytes was employed as the indicator-cell system. A drop
of 1:50 dilution of adsorbed rabbit anti-chicken whole serum was
used for the final agglutination stage. (The same in-vivo
Type II/
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Type II sensitized erythrocytes used in the earlier Haemagglutinin-
Absorption test (vide supra) were tested with the AH-IT).
The control experiments included in this test
consisted of sterile saline instead of polysaccharide.
Specific Indirect and Direct Coombs' Test (ICT and DCT) : The same
techniques as described in Chapter II were used, except that the
requisite reagents were specific and purified. Hence, the
antiserum used for the ICT was a chicken ant i - . g a 11 inar urn serum
and for the DCT, the antiglobulin was a rabbit specific anti-
chicken immunoglobulin serum (mixture of 19S and 7: ).
Similar tests were also performed with the crude
reagents; namely S. gal 1 inarum antiserum (hornolgous antiserum) and
rabbit anti-chicken whole serum. In addition, permutations of
these reagents specific and crude were employed in
similar, but essentialUconfirmatory, tests.
RESULTS
Preliminary results from these experiments have
shown that completely purified and sterile preparations of
in-vivo sensitized erythrocytes ____ free from contaminating
leucocytes and viable bacteria could be obtained for injections.
It was also demonstrated by a simple in-vitro
staining-microscopic test that whole, viable bacterial cells are
not adsorbed by erythrocytes, at least in-vitro. Microscooic
examination of stained preparations of sensitized erythrocytes
from infected chickens also gave negative results.
(A) Biologic Activity of in-vivo Erythrocyte Sensitizing Factors:
The intravenous injection of rabbits with in-vitro
sensitized/
TABLE10
STANDARDIZATIONOFNIGLQ3ULIN-H EMAGGLUTINAT ON- NHIBIIOTEST*(W THI V TROMINIM L YS NS.BCs)
CONCENTRATIONF POLYSACCHARIDEINS LIN PRE-INCUBATEDWITH HOMOLOGOUSANTISER M INHIBITA -(0.1mlUSED)
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erythrocytes, and those obtained from infected chickens,
demonstrated their common ability to elicit the characteristic
pyro;enic and leucocytic reactions of bacterial endotoxins.
(Figs. 22 and 23, and Table 11).
(1) Pyroyenic Responses:
The pyrogenic activities in rabbits of in-vitro
anc* in-vivo sensitized erythrocytes are depicted in Figs. 22 and
23.
(a) Responses Following i/v Injection of in-vitro Sensitized
Frythrocytes; All rabbits injected with minimally and maximally
in-vitro sensitized erythrocytes elicited the typical biphasic
fever responses. Injection of minimally sensitized erythrocytes
provoked biphasic fever peaks between 1 and 2 hours (during the
first fever peak) and between 3 and 4 hours (during the second
peak). These are illustrated in Fig. 223. The contours did
not differ markedly from the resnonses obtained with maximally
sensitized erythrocytes (Fig.22A). In addition, the mean increases
in the first and second fever peaks were not any higher with
maximally sensitized erythrocytes. These observations are in
agreement with the earlier findings by V.'atson and Kim (1963)
that an endotoxin dose of 100 MPD-3 (found to be about 1 pgm. in
1 Kgm. rabbit) was usually on the upper end of the semi-log
linear dose-response curve, and that above this dosage, the
contour of the curve neither became any more biphasic nor showed
any further temperature rise in the second peak.
In contrast, the injection of erythrocytes,
minimally sensitized in-vitro and then incubated with homolgous
antibody ——_ thus carrying an antigen-antibody complex provoked
only/
FIGURE22.ThePyrog nicResponsesfabbitF llowingi/vInj ct on in-vitroSensi ized(andNon-Sensitized)Eryth ocytes,
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only a monophasic response with a peak temperature rise of
approximately 1.5°F, lasting several hours without remission,
and ultimately returning to normal levels after : ore than 7 hours
(Fig.22C). Similar findings were obtained with normal control
rabbits injected with non-sensitized erythrocytes which
subsequently developed low-grade monophasic elevations in
temperatures of up to 1.5°F and lasting 1 to 2 hours (Fig.22__).
(b) Responses following i/v injection of In-vivo Sensitized
erythrocytes: The typical responses in rabbits after intravenous
injection of in-vivo sensitized erytlirocytes are depicted by
Fig.23 (A and They demonstrate clear 1 the typical biphasic
febrile responses characteristic of endoto- ins. ;abbits injected
with Type II sensitized cells developed average peak biphasic
fevers of 2°F and 3°P at 1.5 nd 4 hours respectively (r,ig.23jt).
On the other hand, the fever curves tended to vary between biphasic
and monophasic patterns in rabbits injected with in-vivo Typo III
sensitized cells ( "ig.233). In ost cases, however, no distinct
biphasic peaks of febrile responses were demonstrable, but the
high temperatures of the monopnasic response still persisted
when monitoring was discontinued after -ore than 8 hours. In one
or two cases in which rabbits evelope i distinct biphasic responses,
the first peak took a comparatively longer time to develop (on
avera e 2 hours), and this tended to shift the second peak to the
right, which appeared usually after 4 hours. The overall mean
fever increase with the Type III cells, however, was found to be
approximate ly 2°F.
Comparison of the pyrogenic response patterns in
rabbit s/
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rabbits injected with either in-vitro or in-vivo sensitized
erythrocytes confirms the finding that the febrile responses in
rabbits injected with in-vivo Type III sensitized erythrocytes
are mostly of the monophasic type; in contrast, rabbits with
in-vivo Type II sensitized cells elicited regularly biphasic
responses.
(2) Leucocyte Changes:
The overall results of leucocytic changes in rabbits
injected with chicken erythrocytes, variously sensitized, are
summarized in Table 11. It shows that changes resembling those
induced by endotoxins were demonstrated only in rabbits injected
with in-vitro maximally sensitized erythrocytes. The characteristic
initial, short, sharp 3-minute neutrophilia (Visscher, 1965) was
however, not demonstrated with this type of cell. However, the
subsequent decline to neutropaenic levels was shown to occur 30
minutes after injection of these particular cells. In general,
however, the early reduction in leucocyte levels was small.
The leucocyte levels in some of the injected rabbits
started to rise significantly above the normal values 6 hours after
injection, but 24 hours later distinct leucocytosis was
demonstrable in most of the rabbits iiijected with sensitized cells,
particularly those injected with in-vitro sensitized and in-vivo
Type II sensitized erythrocytes. The highest 24-hour-increase
was obtained with the in-vitro maximally sensitized cells, which
produced over 3-fold increase in leucocyte normal levels. There
was also a 2-fold increase when both the in-vitro minimally, and
ln"Vivo Type II sensitized cells were administered; in contrast,
in-vivo/
TABLE]J_























































































































































in-vivo Type III sensitized cells either induced marginal
increases or did not elicit any leucocytosis at all. Rabbits
injected with normal, non-sensitized erythrocytes, and had
responded with monophasic fever responses, did not show any
changes in the leucocyte levels at any period after injections.
(B) Immunologic and Serologic Properties of Sensitized
Erythrocyte s:
Erythrocytes, variously sensitized, induced hivgh spec
ific immune responses when injected into rabbits. The results of
such experiments are summarized in Tables 12 and 13.
To
( 1 ) Induction of An t ibodi e sdn-vi tro and In-vivp Sensitized
Erythrocyte s:
The antibody response of rabbits to a variety of
inoculation schedules with in-vitro and in-vivo sensitized
chicken erythrocytes, is shown in Table 12. There was consistent
development of very high titres of specific haemagglutinins
against in-vitro maximally sensitized erythrocytes. Moderate
titres were also obtained when in-vitro minimally sensitized cells
were administered. In contrast, no specific response to this
antigen was detected in rabbits injected with non-sensitized
(normal) erythrocytes. Then in-vivo Type II sensitized erythrocyte
were injected, high titres of haemagglutinins against adsorbed
E.gal 1inarum polysaccharide were produced. In rabbits inoculated
in-vivo Type III sensitized red cells, however, the range of
haemagglutinin titres was between 1:128 and 1:256, whereas titres
of up to 1:8192 were obtained when in-vivo Type II sensitized
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In general, after intravenous injection of
sensitized cells, a latent period of 2 to 3 days elapsed before
any increase in anti-bacterial polysaccharide antibodies could
be detected. It was also observed that much higher levels of
specific antibodies were produced when Types II and III in-vivo
sensitized cells were injected intramuscularly and by the popliteal
lymph node route, using complete Freund's adjuvant,than when these
cells were administered intravenously. However, with the former
procedure, the latent period was approximately twice that following
direct intravenous injection of erythrocytes.
( 2 ) Specific Adsorption of .Rabbit Haemagglutinins;
The specificity of the antibodies induced by the
injection of sensitized erythrocytes described above was demonstrated
by their complete absorption with homologous antigen (polysaccharide).
The results of such experiments are depicted in Table 13, and show
the complete disappearance of the antibody from the sera after
incubation with S.pal 1inarum polysaccharide. With the exception
of serum E (which was the highest titre induced by injection of
in-vitro maximally sensitized cells), no antibody could be detected
by the indirect haemagglutination test after pre-incubation with the
polysaccharide.
These absorption tests have confirmed the specificity
of the haemagglutinins induced by the injection of in«»vivo
sensitized cells; they also demonstrate conclusively that the
erythrocyte sensitizing factor is a 1ipo-polysaccharide.
( 3 ) HaemaitElut inin Absorption from Specific Anti -polysaccharide Serum:
Further evidence for olysaccharide as the
sensitizing/
TABLE13
THE(SPECIFIC)ABSORPT ONORABB TH EMAXILUT NINSYS L .G LLINARUMP LY A CHARIDE
CLASSIFICATION OF POOLEDSERA (SeeTablI2L)



































sensitizing factor during infection was provided by the results
of the haemagglutinin-absorption and antiglobulin haemagglutination-
inhibition tests. Specific and purified reagents were used in
these tests.
Washed, in-vivo sensitized Type II erythrocytes
from 3 infected chickens and control,non-sensitized cells, were
used to adsorb haemagglutinins from specific chicken anti-poly-
saccharide serum of known titre. The results, recorded in Table
14, show that erythrocytes from all the infected animals absorbed
only a proportion of the haemagjlutinins from the antiserum.
In contrast, control adsorption experiments, using the same
quantity of jn-vitro maximally sensitized erythrocytes, removed all
demonstrable haemagglutinins from the antiserum.
These observations indicated that all the 3
erythrocyte samples from the infected chickens were either partially
sensitized or that they consisted of a mixed population of cells
with different degrees of sensitization —— most probably, a
heterogeneous mixture of non-sensitized (reticulocytes) and
moderately or even maximally sensitized erythrocytes (Chapter VI),
The observations also demonstrate that erythrocytes taken from the
infected chicken are modified with a factor which specifically
reacts with the anti-5.gallinarum O-antibody.
(4) Specific Inhibition of the Antiglobulin Haemag^lutination Test:
The specificity and the approximate concentration
of the sensitizing factor were again determined with an antiglobulin
haemagglutination-inhibition test (.MI-IT), whereby washed in-vivo
Type II sensitized cells were used as the erythrocyte-indicator
system. The results of such experiments, shown in Table 15,
indicate/
TABLE14
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TABLE15
ANTIGLOBULINHAEMAGGLUTITION-INHIBITIONWITHTYPEI V VSENSI IZ DERYTHR CY ES
♦CONCENTRATIONOF* POLYSACCHARIDE
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indicate either minimal erythrocyte sensitization, or more probably,
heterogeneity of the erythrocyte population taken from the infected
animals. This was because only small amounts of specific
polysaccharide were required to inhibit antiglobulin-haemagglut-
ination with each of the cell samples.
Type II in-vivo sensitized cells from chicken
number 3(ES) showed the highest sensitivity, and therefore the
greatest degree of sensitization, since they could still detect
antibodies in mixtures where concentrations in excess of lO pgm.
per ml. polysaccharide had been used to pre-absorb the initial
homolgous antiserum. The minimum amount of specific polysaccharide
which produced complete inhibition of the haemagglutination test
was smallest with sensitized erythrocytes from chicken no. 2(ES)
(5 pgm. per ml.); and haemagglutination of erythrocytes from
chicken no. 1(ES) was inhibited by only marginally higher concentration
of polysaccharide(7.5 pgm. per ml.)
(5) Serologic Tests with Specific Reagents using the ICT and DCT;
Using specific reagents (that is, chicken anti-
S.gal1inarum polysaccharide serum and rabbit anti-chicken
immunoglobulin serum), the presence of polysaccharide and an
antigen-antibody complex specifically adsorbed on erythrocyte
surfaces, was unequivocally demonstrated (Table 16). The
summarised results in this Table indicate that the sensitizing factor
is a polysaccharide antigen derived from S.gal1inarum.
All the Type II in-vivo sensitized erythrocyte
samples from the 4 infected chickens produced varying titres with
the combination of the specific reagents. These titres did not
substantially alter when various permutations of reagents, crude
(homologous/
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(homologous antiserum and ra bit anti-chicken whole serum) and
specific (anti-S. ;al1inarum polysaccharide serum and rabbit
anti-chicken immunoglobulin serum), were used. For example,
with erythrocytes from chicken number 9(SS) and employing crude
reagents, essentially similar titres were recorded as when
specific reagents were used (Table 16). Similarly, with Type III
in-vivo sensitized cells, the titres were unchanged when examined




























































Three further techniques were used to investigate
the nature of the sensitizing factor(s) in order to provide more
direct evidence than that already accumulated. These were:
(a) immunofluorescence; (b) elution and extraction procedures,
and (c) changes in the electrophoretic mobilities of the in-vivo
sensitized cells.
(a) Imrnunofluorescent technique: The usefulness of this technique
for the study of tissue antigen-antibody systems is well recognised
(Nairn, 1969). Although many problems are encountered when
erythrocyte antigen-antibody systems are being investigated by
this method, (Alexander, 1958; Whitaker, Zuelzer, lobinson and
iCvans, 1959; Cohen, Zuelzer and Evans, I960; Lee and Vazquez,
1962) it has been shown that the commonly observed non-specific
fluorescence when tissues are treated with fluorescent (conjugated)
sera is not a problem with erythrocytes (Cohen et al., I960).
A literature search showed that there have been no
recorded studies so far on the use of this technique in demonstrating
in-vivo erythrocyte surface changes during bacterial infections.
It was thought that this technique could be utilized in
demonstrating the sensitizing factor(s) in situ.
(b) Clution and Extraction Procedures: The presence of cells
to
positive/direct Coombs' test (Type III) cannot,on their own,be
accepted as evidence that specific antibodies were being produced
against an adsorbed polysaccharide, for a reaction between red
cells and anti-red cell antibodies has to be excluded. There is
also/
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also the possibility that the in-vivo Type III erythrocyte
sensitization may be due to non-specific adsorption of serum
globulins other than antibodies (Stratton and Jones, 1955; Jandl,
I960; Warner, 1962; Sutherland, Eisentraut and McCall, 1963;
Jensen, 1965). Attempts were therefore made to elute, dissociate
and serologically identify the in-vivo Type III sensitizing
f ac tor(s ) .
All antigen-antibody reactions are probably
reversible, and in those instances where the reaction is said to
be irreversible, it is most likely that observations were not
continued for sufficient time (Hughes-Jones, 1963). In dealing
w,i th an antigen-antibody mixture, only one of which was adsorbable
on untreated normal erythrocytes, Lowenthal and Lamana (1953)
utilised erythrocytes for the separation of botulinal haemagglutin-
in and its toxin. Isliker (1957) has found that lowering the pH
to below 3.5 is a suitable method for dissociation of immune-
complexes, because antibodies are stable under these conditions.
In spite of the recent finding by Hjort (1968) that dissociation
of immume-complexes under these conditions was incomplete, it was
decided that after extraction of the complexes from the Type III
sensitized cells, the eluate factors were to be dissociated under
similar acidic conditions. With this approach the separation
of the polysaccharide moeity of the eluate from the antibody
portion could be effected with the normal erythrocyte acting as
an adsorbing surface for the bacterial antigen.
(c) Electronhoretic Mobility techniques: It has been known for
many yeats that red cells of various species move at a mobility
unique/
140.
unique for a particular species (Abramson, 1929) and disease also
alters the electrophoretic .mobility of the erythrocytes as a
consequence of changes in the net cell surface charge (Brown, 1933;
Redmond, 1948; Kottino and Angers, 1962; Domnert and
imopoullos, 1966; 1967), The alteration of an erythrocyte
surface, with special reference to in-vivo sensitization during
infection, raised the possibility that a change in the electro¬
phoretic mobility of such cells, as compared to normal erythrocytes,
might be demonstrable. Consequently, an electrophoretic tudy of
sensitized and non-sensitized chicken erythrocytes was undertaken
to determine if such changes do occur. An apparatus was designed
specially fur this pur ose.
MATERIALS ANJ METHODS
Fluorescent-Antibody (FA) Technique: The immunoftuorescent
technique used in these investigations was an adaptation of the
various FA procedures as applied to red cell systems by the authors
mentioned above. These authors had used many procedures to
overcome the numerous problems encountered. The "quenching"
phenomenon (Gitlin, et al., 1953) for instance, was overcome
either by pre-treatment of the erythrocytes with chelating agents
(e.g. Versene)(' itaker, e t a 1., 1959), or by enhance vent of the
number of fluorescent antibody molecules that can be attached to
the red cells by means of the multiple-antibody layer method of
labelling (Cohen et al., 19oO). The "trappi ng" phenomenon, which
occurs in experiments involving agglutinating antibodies (Cohen,
I960) was controlled by th vise of either labelled normal
serum/
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serum in conjunction with unlabelled specific antiserum; or
washed agglutinates were suspended in normal serum, rather than
saline, prior to the addition of the conjugated sera.
Buffers: Three different buffer solutions were used in these
experiment s.
(a) Difco FA Phosphate buffer dried: This was a standardized
phosphate buffer powder yielding, on dehydration, a buffer solution
with a pH of 7.2. It was used for makin , all the dilutions and
washings of erythrocytes and slides.
(b) Phosphate Buffered Saline (PBS): This had a pH of 7.2
and contained 0.01 M phosphate and 0.15 NaCl. It was prepared
by dissolving 1.07 gms. Na^HPO^, 0.39 gm. Nall^PO^»2H^> anc*
gms. NaCl in one litre of distilled water. This buffer was used
for the conjugation of the antiserum and all dialysis work. It
was also the buffer of choice as the eluent buffer in Sephadex
G25 fraction of the dialysed conjugated antiserum.
(c) Borate Buffer: This had a pH of 9.0 and a molarity of
0.25, and was prepared by mixing together volumes of iso-m®lar
boric acid and sodium hydroxide (NaOH): 100 mis. of O.5M boric
acid and 72.6 mis. of O.5M NaOH.
Sensitized erythrocytes: The techniques for infection of chicken
and subsequent recovery of in-vivo sensitized erythrocytes, and
the methods of in-vitro minimal and maximal erythrocyte sensitiz¬
ation, have all been previously described (Chapters II and IV,
Part I).
Pr e par a tion o f Antis era: The preparation of specific chicken
anti- .g 11inarurn polysaccharide serum, and the rabbit anti-chicken
whole/
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whole serum, were as described previously (Chapters III and
II respectively).
Conjugation of Rabbit Ant i -Chi cken ^globulin Serum : A
modification of the method described by Lee and Davidsohn (1965)
was used. The principle of this method was the conjugation of
anti-whole serum, instead of anti-globulin serum, with fluorescein
iso-thiocyanate (FITC) and the precipitation of the conjugated
globulins with half-saturated ammonium sulphate (NH^J^SOl. In
this way, not only albumin, but also most of the free fluorescein
is removed with the supernatant. After this only one dialysis,
with 3 changes of buffer, is normally required. Although this
procedure generally makes the use of chromatography unnecessary,
it was decided to obtain a pure product by fractionating the
conjugate with Sephadex G25.
Procedure for Conjugation: 20 mgms. of FITC were sprinkled on
filter paper at the bottom of a beaker, and a little acetone poured
on. The FITC spreads to cover the whole surface of the filter
paper as a result; then 15.25 mis. of PBS and 2.25 mis. of the
borate buffer were added and mixed v/ith a magnetic stirrer. 5 mis.
of the rabbit anti-chicken whole serum (RACWS) were added to the
mixture while beinj stirred; the stirring was continued for another
2 to 3 hours, then the mixture was left overnight at 4°C. Linkage
of FITC with globulins takes place spontaneously at alkaline
pH 8.5 to 9.0 by covalent linkage.
The next day, the conjugated globulin fraction of the
antiserum was obtained by the addition of saturated (Nil. )_504 to
the point of half-saturation. This was done by adding an equal
vo1ume/
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volume (22.5 mis.) of saturated (NH^J^SO^ slowly to the
conjugated antiserum in buffer solution and stirring for 30
minutes. The mixtures were then left at room temperature
( 20°C) for 2 hours and the siipernatant solution removed by
centrifugat ion at 8000 r.p.m. for 20 minutes. The precipitate
was then washed twice with half-saturated (NH^J^SO^ (50 per cent)
and either suspended in a minimum of distilled water or dissolved
in 5 mis. or less of PBS. The (NH^J^SO^ was then removed by
dialysis overnight at 4°C against at least a litre of PBS, v/i th
continuous agitation and mixing. Three changes of buffer were
normally required to remove all the free (NH^J^SO^ and fluorescein.
The conjugated protein solution was then put on
top of Sephadex G25 column and washed through with PBS. This
rapidly restored the conjugate-mixture to neutral pH and
isotonicity, and at the same time, removed the free and loosely
bound FITC. Collection of conjugated samples from the column
started when the first yellow band approached the bottom of the
column. The contents of the tubes were pooled and 1iver—powder was
added to the pooled fraction and left overnight. This procedure
removed all activity against non-speci c proteins. The conjugated
globulin preparation was then filtered through a sterile Seitz
filter, and the supernatant was removed and stored at -20°C.
Samples of the final conjugated globulins were tested
for specificity by immuno-electrophoresis against normal chicken
whole serum. In addition, the conjugated antiserum was thoroughly




Experimental Design for FA Investigations:
Preparation of Erythrocytes: The method of erythrocyte staining
and mounting was modified from the techniques described by
Jankovic (1959) and Lee and Vasquez (1962).
(i) Fluorescent taininq Methods: The indirect staining method
was used with the Type II in-vivo sensitized cells, whilst, the
Type III sensitized cells were labelled by the direc t staining
method.
Both the two-and three-layer indirect labelling
techniques were used.
Two Layer ethod: Equal volumes (0.5 ml.) of 1.5 per cent
suspension of Type II cells and specific, unconjugated specific
anti-nolysaccharide serum (CAPS) were added to each other and
incubated at 37°C for 1.5 hours. The mixture was shaken and
mixed thoroughly at regular intervals during incubation; at the
end of incubation time the erythrocytes were washed 3 times in Difco
FA phosphate buffer. Preliminary experiments were performed to
determine the optimal dilution of the absorbed conjugated rabbit
anti-chicken &*globulin serum (conjugated RACGS) which had been
previously inactivated of complement activity. Different dilutions
of the conjugated RACES were titrated against single drops of the
1.5 per cent washed sensitized erythrocyte suspension. Samples
were examined after incubation, washing and mounting for the
clearest and most satisfactory fluorescence. This was found
to be 1:2 dilution of the prepared conjugated 11ACGS.
One drop of the 1,5 per cent suspension of the
sensitized/
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sensitized cells was incubated with 5 drops of the conjugated
RACGS for one hour at 37 C. Afterwards, the reaction mixture
was washed 4 times \vi th PBS with vigorous shaking mixing.
Samples from the packed cells, sus ended in mounting fluid
(vide infra) were examined microscopically.
Three Layer Method: The same procedure as above was followed,
but 5 drops of unconjugated RACGS were added instead. The mixtures
were incubated and washed as described above. Afterwards, 5 drops
of decomplemented Difco conjugated goat anti-rabbit globulin
serum were added to the washed cells, incubated, washed, mounted
and examined.
Type III in-vivo sensitized cells were, however,
prepared for exa ination by the direct staining method, utilising
either the single-or the double -layer techniques.
The Single-layer direct staining procedure: This consisted
of incubation of one drop of 1,5 per cent erythrocyte suspension
in PBS with 5 drops of undiluted conjugated RACGS for one hour
at 37°C, The cells were then washed, mounted and examined.
The Double-layer direct method: The prepared test cells were
pre-incubated in conjugated RACGS, washed and then subjected to
labelling with undiluted Difco conjugated goat anti-rabbit
^-globulin serum.
Control experiments; Serological specificity of immuno¬
fluorescence in these experiments was demonstrated by control
experiments involving in-vitro. in-vivo and non-sensitized
erythrocytes. Blocking experiments with conjugated and unconjugated
specific antisera were also performed.
Using/
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Using either the Two- or Three-Layer techniques
where appropriate, the following control experiments were
undertaken:
(a) Studies with in-vitro maximally and minimally sensitized
erythrocytes.
(b) Normal erythrocytes subjected to labelling with either'of
the conjugated antiserum.
In-vivo sensitized cells exposed to conjugated ItACGS which
had previous been absorbed with specific unconjugated chicken
globulin serum.
(d) The same in-vivo sensitized cells were pre-treated with
unconjugated ACQS before treatment with conjugated RACGSi
(e) Type II sensitized cells were also subjected to conjugated
RACGS without pre-incubation in specific chicken anti-polysaccharide
serum.
(ii) Mounting of Erythrocyte Preparations: One or two drops
of Difco FA mounting fluid, which consists of 50 per cent buffered
saline-glycerine, (pH 7.2), were added to the final packed labelled
cells. Using a Pasteur pipette, the^mixture was thoroughly
broken up <^f—ayg-gl"U<4j-ifie*t}"g»- to produce an almost homogeneous
suspension. A small drop of this wet preparation, in mounting
fluid, was then transferred on to special Chance Glass slides
(1.03 mm. thick) and gently flattened with coverslips (22 x 40 mm.)
cut from Chance Glass.
Mounts were made relatively permanent by sealing
with nail varnish, and examined microscopically after the wet
mounts had 'settled' under the fluorescent microscope,
(iii) Examination of Wet Mounts: From the technical point of
view/
view the specific fluorescence was achieved by examining wet
preparations with alternatively dark-field illumination and with
ultra-violet light, and a 40 x objective. (The failure of
other investigations with the FA method as applied to erythrocyte
systems may be attributable, at least in part, to the examination
of dried preparations (Cohen e t al., I960).
( iv) Photorniorography: A Zeiss fluorescent microscope, with
an attachment camera and an Ilford HP 4 (Black and White) film,
v/as used in photographing the wetpreparations. The average
exposure time was 20 minutes.
Clution, Dissociation and Serology of Sensitizing Factor(s): A
quantity of Type III in-vivo sensitized erythrocytes from infected
chickens was checked for terility (Chapter IV, Part I), and the
sensitizing factor(s) was extracted by combining and modifying
the methods previously used for preparing erythrocyte stroma,
(Kominos and Rosenthal, 1953) and eluate (Landsteiner and Miller,
1925). As a rule, elutions were carried out on the same day that
sterility of the cells was confirmed.
Preparation of Erythrocyte Stroma: Packed, sensitized cells were
washed 6 times with copious amounts of normal saline, and after
being firmly packed by centrifugation, were haemolysed with 10
volumes of pyrogen-free distilled water. Then, by dropwise
addition of N.HC1 until the pH was in the range of 5.6 and 5*8,
precipitation of the stroma was readily carried out. The
precipitated stroma was then washed repeatedly with phosphate
buffered pyrogen-free distilled water (pH 5.6 - 5.8), until almost
white or just slightly brown tinged, when the elimination of




Preparation of Gluate from Stroma; The well-packed stroma was
suspended in twice, equal or half its volume of normal saline
depending on the d. sired final concentration of eluate
factors ——. and thoroughly mixed. It was incubated at 56°G
for 15 minutes and then contrifugesi at high speed in pre-warmed
tubes by putting water at 56°C in the centrifuge bucket . The
supernatant was collected and stored at -20°C until needed.
Dissociation of Jluate factors: The elution of the sensitizing
factors fro the cell surface would in itself bo of little
value were is not possible to dissociate and demonstrate the
actions of the constituent parts contained in the eluate.
Dissociation of the eluate was carried out by
lowering the p!I to below 3.5 (Isliker, 1957) and the released
antibody in the eluate was then titrated with in-vitro maximally
sensitized erythrocytes after the eluate had been pre-adsorbed
with normal chicken erythrocytes. The latter cells were also
later titrated against serially diluted specific antiserum
(vide infra)•
Antibody which has been exposed to acid will
retain its serolo ical activity even though its physico-cue ical
properties may be markedly altered (Isliker, 1964). Similarly,
acid hydrolysis of 1 i too-polysac char ide does not affect its
erythrocyte sensitizing properties (Neter, Gorzynski and estphal,
1955; Neter,Liideritz, Dorzynski and Gichenberger, 1956; Tsumita
and Ohashi, 1964; Springer et al.. 1966).
Demonstrat ion of the Actions of Cluate Constituents: The
dissociated eluate was divided into 2 parts; one part for the
experimental/
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experimental test, and the other portion was used for the
con.ro! test,
(i ) jrolo :ical test for the Presence of a rpacific oly-
saccharide: Normal packed chicken erythrocytes and half of the
total volume of the prepared eluate were ixed in a ratio of
1 in 50 respectively. The mixture was then incubated for one
hour, with periodic gentle mixing. After centrifugation the
supernatant was carefully renoved and stored. The pacced cells,
dul treated with the undiluted eluate factor(s),were washed 3
times in normal saline and a suspension of 1 per cent of this
made in saline, 0.2 ml, volumes of the suspension were added
to doubling serial dilutions of S,gal 1inarum antiserum, using
rabbit anti-chicken -globulin serum in an indirect antiglobulin
haemagglutination test (Chapter III),
(ii) •■'■erological test for the Presence of oecific Antibody;
The stored supernatant from above was reabsorbed again with a
larger amount of packed normal erythrocytes. After centrifug¬
ation and packing, the supernatant was re oved and serially
diluted. The titre of the factor in the eluate was determined,
using a suspension of in-vitro maximally sensitized erythrocytes
and specific antiglobulin serum.
Control experiments to determine the specificity
of above reactions consisted of utilization of the other half of
the eluate, as mentioned above. This was incubated with normal
erythrocytes, and the supernatant stored. The treated-cel1s
were washed and 1 per cent suspension of this tested against
specific antiglobulin in a direct Coombs' test (Chapter II),
The other control experiments consisted of
absorption/
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absorption of the stored supernatant from above for a second
time with normal erythrocytes. Serial dilutions of this
supernatant solution were titrated against a suspension of
normal erythrocytes, using single drops of the standardized
specific antiglobulin in an ICT.
Further control experiments performed consisted
of determination of activity against normal chicken erythrocytes
by:
(a) specific r. ual 1 in.irum antiserum
(b) specific ra bit anti-chicken ^-globulin serum.
(c) sera from chickens which had previously exhibited Type III
in-vivo sensitization during the course of these experiments.
In addition, the in-vivo Type III sensitized cells a portion
of which an eluate had previously bee obtained —— were tested
for specificity, using a specific anti-chicken if-globilin serum.
Measurement of ;lectroohoretic Mobility:
Determination of the surface charge density of
erythrocytes may be made using an electrophoretic technique to
measure the electrophoretic mobility (Bangham, Flemans, Heard
and eaman, 1958; Hunter, I960). This method, although not well
known or widely used, may bo employed to obtain an index of
chemical changes on the erythrocyte surface (Hanig, 1948;
Bateman and Zellner, 1956; Bateman, Zeliner, Davis and
McCaffrey, 1956; Hopps and Dengles, 1957; Davias, 1958;
Cook, Heard and Seaman, 1961; Seaman and Uhlenbruck, 1962;
Agarwal and Hjerten, 1964).
The purpose of the present experiments was to
establish/
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establish a satisfactory, simple and acceptable method for
studying erythrocyte electrophoretic mobility changes which could
be used as an index of in-vivo erythrocyte sensitization. The
present technique was therefore designed to ensure this.
(a) The Buffer System: The buffer solution was prepared using
the method reported by Schideler (I960). It contained: 750 mis.
of 10 per cent sucrose solution; 151.5 mis. of M/15 disodium
phosphate solution, and 36 mis. of M/15 potassium dihydrogen
phosphate solution. The alkaline sodium phosphate and the acidic
potassium phosphate solutions were mixed and sterilised by
filtration. The sucrose solution was prepared daily, and
187.5 ml. if the sodium-potassium phosphate mixture was added
to prepare a final 10 per cent sucrose-phosphate buffer solution
with a pH of 7.4 and ionic strength of 0.035.
(b) The (Electrophoresis Apparatus: The simple apparatus used
in this study was constructed on the principle reported by
Lombardo and Tamburino (1966).
For the determination of e lec tropliore t i c mobilities
of red cells (and other cells), the only method available hitherto
has been the microscopic one, in which the movement of a single
cell is observed at a time. These micro-techniques have been
used variously in the investigation of electrophoretic behaviour
of erythrocytes in electric fields and also changes in the
erythrocyte surface charges in certain diseased conditions
(Ponder and Ponder, 19 55; IIopps and dngles, 19 57; Angers and
Rottino, 1961; Hayry and Saxen, 1965; Dommert and Dimopoullos,
1965). Although continuous observations have to be made over
a considerable period, with the common microscopic apparatus the
inve stigations/
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investigations can only be limited to a few single erythrocytes
at a time.
Unlike this type of apparatus, the apparatus
described below makes it possible to study a whole zone of
erythrocytes electrophoretically. Thus, mean values of the
migration velocity of the whole erythrocyte suspension under
examination could be obtained without having to keep individual
cells under continuous observation.
With nearly all the measurable values constant
throughout, the only variable is the migration distance.
Consequently, this apparatus gave excellent reproducible and quick
mobility determinations, which were suitable for the present
purpose.
The apparatus, illustrated in Fig.24, consists of
a common electrophoresis feeder with a buffer stabiliser, and a
migration chamber.
The migration device consists of a wooden support
in which 4 hollows, for 4 polythene tubes and vulcathene plugs
connected to 2 platinum electrodes (positive and negative), have
been made. There is a central wooden support with a groove for
the longer U-glass tube. The latter tubej% 3 in all, had a
constant internal lumen section of 3 mm. diameter, and were
disposed, together with the electrodes, for mobility determinations
as shown in Fig.24.
Determination of F1ectrophoretic Mobility: The first two
Q-tubes, filled with the electrolytic buffer solution, were used
to stabilise the electrical connection between the end polythene
tubes and those in the middle. The third end U-tube, also
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the migration velocity of the erythrocyte column.
Packe 1 erythrocyte sample, after being washed
repeatedly with the sucrose-buffer solution; was made up to
50 per cent suspension in the same buffer. Then 2 mis. of the
buffer solution were placed in each polythene tube; the U-glass
tubes, fille v/ith the same buffer solution, were arranged in
the wooden support to stabilise the connection. The two vulca-
thene plugs with the electrodes were then inserted into the two
end polythene tubes when a complete levelling of the buffer
solution in the polythene tubes occurred. The central U-glass
tube, and the U-tube creating the connection with the negative
pole, were carefully taken away. Then 1 ml. of the buffer
solution in the middle polythene tube —— nearest to the negative
pol*, and adjacent to the graduated slide rule ■ was withdrawn
and then replaced with an equal volume of the 50 per cent
erythrocyte suspension. The connection between all the polythene
tubes was then re-established by replacing the first two fluid-
filled 'J-tubes.
Once the electrolyte continuity was established,
the erythrocytes, which were suspended in a buffer whose pH
was greater than the iso-electric point of the cells, migrated
towards the anode by flowing up the vex*tical stem of the
central U-tube. Migration could be followed by observing the
column of red cells rise in the graduated U-tube. During this
whole electrophoresis period (usually one hour at a time) the
voltage and amoerage were kept constant. Periodic readings
(every 30 minutes) were taken of the distance (in mm.) covered
by/
by the cell column.
At the start of the investigations, it was
necessary to standardise the apparatus and verify its relative
accuracy and reproducibility for determining the change in
electrophoretic mobility of erythrocytes.
Using normal erythrocytes, the voltage was fixed
at 300 volts and the amperage was 1 milli-amp. The buffer pH
was 7.4, with an ionic strength of 0.035.
All experiments were conducted at room temperature,
(20°).
(d) Calculation of SIectrophoretic Mobiiiix: The mobility v/as
V
calculated from a formula: m = pr given by Lombardo and Tamburino
(1966), where m is the electrophoretic mobility in microns per
second per volt per centimeter, V is the velocity in centimeter
per second, and E is the electric field, which is the voltage
divided by the length of the electrolytic buffer system in
centimeters; E is kept constant throughout the readings.
The migration (electrophoretic) velocity was
determined for each particular erythrocyte sample, and since this
value is directly proportional to the mobility, the latter value
was subsequently readily calculated. Between 6 and 8 migration
rates were determined for each type of erythrocyte sample. The
degree of variation was calculated as the standard error of the
mean mobility for each recorded result.
A simplified form of the formula used in these
studies was:
nra = (rj^ x 104) p/sec./vo1t/cm. where
m = Electrophoretic mobility (p/sec./volt/cm.);
1 56 «
m = Electrophoretic mobility (p/sec./volt/cm.);
M = Migration distance (cm.);
L = Length of electrolytic buffer system (cm.);
T = Time of migration (seconds);
V = Voltage applied (volts)
Experimental Design for Mobility Studies;
(a) Three breeds of chicken were used to establish a normal
erythrocyte migration velocity and electrophoretic mobility for
comparison with the sensitized cells. Mobility of erythrocytes
of control animals for the infected group of chickens was also
similarly determined.
(b) Mobility determinations were also carried out on in-vitro
sensitized chicken erythrocytes obtained from the same animals,
which were later infected. Maximal, minimal and 'sham'
sensitization of erythrocytes were carried out as described
previously (Chapter IV, Part I), and 50 per cent suspension of
each batch of cells in 10 per cent sucrose-phosphate buffer was
electrophoresed. ,
(c) Groups of chicken were infected with S♦gal 1inarum as
previously described (Chapter II), and whenever in-vivo erythro¬
cyte sensitization was detected the animal was bled, 50 per cent
suspension of red cells prepared and mobility determined.
(d) Statist ical evaluation of mobility values obtained was by




( 1) Dentonstration of in-yiyo ensitizing factor(s) by Imrnuno-
f 1 toresconce :
The r salts. Illustrated by fluorescent photo¬
micrographs (Fi ;s.25-31), provide direct visual evidence for the
presence of both bacterial antigen and an anti en-antibody
complex on erythrocyte surface.
erological specificity of observed immunofluores-
cence was demonstrated by the complete absence of any fluorescence
with the control experiments, an example of which is shown in
Fig.25. Thus:
(a) non-sensitised eryt rocytes were not stained by the
conjugated antiserum (specific anti-globulin serum);
(b) staining of in-vivo Type III sensitised cells was inhibited
by pre"treatment with unconjugated specific antiglobulin serum;
(c) conjugated antiglobulin serum, pre-absorbed with specific
chicken |f- lobulin s-jrum, did not stain preparations ol" in-vivo
-ypc& II and III sensitized cells#
u) there was no fluorescence of Type II in-vivo sensitized
erythrocytes when these calls were incubated directly with
conjugated antiglobulin serum without pre-treatment with specific
ant i- ,aliinarum polysaccharide serum.
Individual positive cells (Fig.26) showed specific
brilliant green fluorescence as a bright rim at the p riphery
of cells. The same degree of fluorescence was observed with
agglutinated erythrocytes (Fig.27). There were no observable
distinct differences in the degree of fluorescence obtained with
the/
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FIGURE 25. Fluorescent micrograph of sham sensitized
erythrocytes pre-incubated in anti-
S.gallinarum LPS, serum and stained with
anti-chicken globulin fluorescein conjugate.
Non-fluorescent erythrocytes present, but
not visualized in the photograph.
X1800 approx.
J
FIGURE 26. Fluorescent photo-micrograph of a single
in-vitro maximally sensitized erythrocyte,
stained with unconjugated specific anti-LPS
serum and conjugated anti-chicken globulin
serum. Note the bright specific fluorescence




FIGURE 27. Glycerin suspension of an agglutinate of
in-vitro maximallv sensitized erythrocytes.
stained as in Fig. 26. Note haemagglutinated
cells showing bright specific fluorescence
similar to Fig. 26.
(Fluorescent micrograph, X1800 approx.)
FIGURE 28. in-vivo Type III sensitized erythrocytes,
demonstrated by staining with fluorescent
anti-chicken globulin serum conjugate.
Note the bright fluorescence of specifically
stained walls of several sensitised erythrocytes.
X18O0 approx.
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FIGURE 29. Glycerin suspension of an agglutinate of
in-vitro maximally sensitized erythrocytes.
stained with unconjugated specific anti-LPS
serum and conjugated anti-chicken globulin
serum. Note large size of agglutinate with
slight evidence of the 'trapping' phenomenon.
(Fluorescent micrograph, X1500 approx.)
P
FIGURE 3Q. Fluorescent micrograph of in-vitro minimally
sensitized erythrocytes, stained as in
previous Fig. (29). Note single, faiitlv




FIGUPJE 31. In-vivo Type II sensitized erythrocytes,
demonstrated by staining with unconjugated
specific anti-LPS serum and conjugated anti-
chicken globulin serum. Note small size of
fluorescent agglutinate, with well-defined
outlines. Many non-fluorescent individual
erythrocytes present, but few fluorescent
cells seen are not shown in photomicrograph.
X55QO 3pprox.
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the two multiple-layer methods. In contrast to the observations
of Jankovic ( 1959) and Cohen et al.. (I960), the addition of a
second species (rabbit) specific antiglobulin serum did not
significantly enhance the intensity of the reaction. The same
degree of staining was achieved with either the two- or three-
layer method. Specificity of the three-layer method was
sometimes affected by the trapping phenomenon. This phenomenon
probably occurred because the second species specific anti¬
globulin serum was added after agglutinates had already formed,
and fluorescent material was thus non-specifically trapped in
the interstices of the clumps. With the two-layer and single
direct methods, the trapping phenomenon was not a source of
co fusion. This was demonstrated by the clear, sharp fluorescent
outlines of in-vivo Type III erythrocytes (Fig.28). In contrast,
samples prepared from in-vitro maximally sensitized cells
occasionally produced this phenomenon and therefore necessitated
the breaking up of the large ag lutinates before suitable
photomicrographs could be obtained (Fig.29).
With this technique, small quantities of poly¬
saccharide adsorbed on erythrocyte surface (minimal sensitization)
were readily demonstrated (Fig.30). The uniform, homogeneous
fluorescence seen was in direct contrast to the equally uniform
but heterogeneous fluorescent agglutinates observed with wet
preparations from in-vivo Type II sensitized erythrocytes (Fig.31).
The latter cells, under the microscope, showed a combination of
few individual cells with sharp, clear fluorescent outline, and
numerous, but relatively small fluorescent agglutinates with
wel1-defined/
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well-defined outlines. On the other hand, in-vi tro minimally-
sensitized cells were seen as a collection of numerous but
separate individual fluorescent erythrocytes with only a few
or no fluorescent agglutinates (Fig.30).
The fluorescent photomicrographs shown in this
study.do not indicate the relatively strong fluorescence observed
when the wet preparations were being examined under the microscope.
Generally, photographic reproduction was difficult since
fluorescence in this system was found to fade very quickly.
( 2) Extraction of Specific Immune-Jorrip lex from Sensitized
Erythrocytes:
The r suits from the in-vitro tests, tabulated
in Table 17, demonstrate the success in elution and dissociation
of specific antigen (polysaccharide) and homologous antibody from
Type III sensitized cells. The results show quite clearly that
the direct Coombs positivity, occasionally observed during acute
fowl typhoid, is due to the reaction betv/een antibodies specifically
directed against an adsorbed bacterial antigen ■ ■ shown here to
be a po1ysaccharide —- and not due to a reaction between the
erythrocyte and anti-erythrocyte antibody or non-specifically
adsorbed serum globulins.
This important demonstration was supported by the
findings that no positive reactions occurred when normal
erythrocytes v/ere :
(a) incubated in the prepared eluate and later titrated against
dilutions of specific anti-chicken globulin serum;
(b) titrated against serial dilutions of erythrocyte - absorbed
supernatant/
TABLE17
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supernatant from the eluate;
(c) either incubated with the specific 5. gal 1 inarura antiserum
or directly with the specific rabbit anti-chicken tf-globulin
serum;
(d) tested against sera of chickens ——- from which in-vivo
Type III sensitization had been detected for antibody
activity (auto-antibodies).
The specificity and identity of the eluate
constituents were demonstrated by the ability of one of the
constituents to adsorb on to a normal erythrocyte, and subsequently
to agglutinate in the presence of specific anti-polysaccharide
and anti-chicken ^-globulin sera. The other factor in the
absorbed supernatant was also found to specifically agglutinate
in-vitro maximally sensitized erythrocytes in the presence of
specific anti-chicken tf-globulin serum. This clearly indicated
the presence of specific antiglobulin haemagglutinins in the
eluate.
It was also observed that only relatively small
amounts of specific eluate factors could be extracted, as shown by
the overall low antiglobulin haemagglutinin titres (Table 17).
Surprisingly, greater amounts of homolgous antibody could not
be demonstrated in the red cell eluates from c ickens with
comparatively high titres of antiglobulin haemagglutination as
a result of in-vivo Type III sensitization (See chicken numbers
109 and 67 of Table 17). Much smaller quantities of components,
specifically derived from . qallinarum. were also shown to be
present in the eluates from the sensitized erythrocytes a
titre/
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titre of 1:128 being the highest recorded.
The specificity of the eluate factors was also
demonstrated by the absence of any cross-r -activity with both an
id.coli polysaccharide-sensitized erythrocytes and ho ologous
polysaccharide antiserum.
(3) Effect o Sensitization on wlectrophoretic Mobility of
erythrocytes:
The overall results of mobility measurements are
summarized in Table 18. It was concluded from these results that
sensitization of the erythrocytes results in significant reduction
in the electrophoretic mobility of the cells.
( a) dlec trophoret i c Mobilities After iuuj^^i.trjj Treatment of
Srythrocytes: Table 18 shows that there was no significant
difference between the mobilities of the sham sensitized and normal
erythrocytes (p >0.2), indicating that neither the process of
incubation, temperature treatment, nor repeated washings has any
significant effect on the negative electrostatic charges on the
cell surface. However, in-vitro sensitization of erythrocytes
with polysaccharide caused significant reduction in the electro-
phoretic mobility of the cells, the degree of reduction depending
on the amount of polysaccharide adsorbed on erythrocyte surface.
Thus, cells minimally sensitized with polysaccharide had a
significantly lov/er (p <0.05) electrophoretic mobility than cells
subjected to the same in-vitro procedure for sensitization but
without the polysaccharide (that is, sham sensitization). On the
other hand, compared with either sham sensitized or normal
erythrocytes/
TABLE18
SUMMARYOFERYTHROCYTEELECTROPHQRETICMOBILITYVALUESF MN MALANDINFECT DCHICKEN
STATUSOF
CHICKENERYTHROCYTESELECTROPHORESCED
TOTAL NUMBEROF OBSERVATIONS (DETERMINATIONS) (n)
MEAN ELECTROPHORETIC (MIGRATION) VELOCITY
(INmm/30M NUTES)
ELECTROPHORETICMOBILITY"1" (INn/SEC/VOLT/CM)
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erythrocytes, the electrophoretic mobility of maximally
sensitized cells was very markedly decreased (p <0.001).
It has also been found that increasing the pH
of the suspending buffer (for example, up to 8.2) did not
influence appreciably the final electrophoretic mobilities.
This indicated that once the pH of the buffer has exceeded the
iso-electric point of the migrating cells, these cells did not
migrate any faster.
(b) Slectrophoretic Mobility of ^inj^vivo Sensitized Erythrocytes:
A very highly significant retardation of the mobility (p <O.OOl)
was observed with each type of in-vivo sensitized cells, as
compared with the normal values (Table 18). The Table also
shows that, regardless of the type of in-vivo sensitization, the
decrease in mobility was very substantial (p <0.001), even though
they were not as greatly reduced as when the cells were maximally
sensitized in-vitro. However, there were also highly significant
differences (p cO.Ol) between cells sensitized in-vivo with only
the bacterial antigen (polysaccharide)(Type II) and those with
antigen-antibody complex (Type III),
DISCUSSION
The above studies have demonstrated quite
conclusively that the in-vivo erythrocyte sensitizing factors
are bacterial polysaccharide and specific homologous antibody.
It is well known that 1ipo-polysaccharides (LPS)
from gram-negative bacteria have the property of inducing
characteristic febrile (Thomas, 1954; Atkins, I960; Keene et al..
1961; Watson and Kim, 1963; Kimball and Wolff, 1967) and
leucocytic/
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leucocytic (Wood, 1958j Atkins, I960; Stetson, 1961;
Yoffev et al., 1963; Visscher, 1965) responses in animals,
especially in rabbits, into which they have been injected.
While these are not properties confined to LPS, the fact that
such small quantities of LPS evoke these characteristic responses
places thera in an unique class (Bonnet and Cluff, 1957; Zweifach
and Janoff, 1965; Nowotny, 1969). In the present experiments,
rabbits inoculated with in-vivo Type II sensitized erythrocytes
responded with typical biphasic pyrogenic responses (Fig,23).
A similar febrile response pattern was also observed when
erythrocytes, sensitized in-vitro ■ ■ « either minimally or
maximal ly i with LPS, were injected into rabbits (Fig,22),
In contrast, in-vivo Type III sensitized erythrocytes and cells
minimally sensitized in-vitro with LPS and then incubated with
homologous antisorrun^elicited only nionophasic pyrogenic responses
(Figs.23B and 22C respectively). The latter results indicate
that the adsor ition of globulin by erythrocytes, previously
sensitized with polysaccharide, inhibits one of the fever peaks
of the otherwise biphasic response pattern. However, the finding
that rabbits injected with in-vivo Type II sensitized erythrocytes
respond with ty deal biphasic fever pattern could reasonably be
attributed to an adsorbed bacterial polysaccharide. Such an
interpretation, while likely, is ot conclusive in view of the
de onstration by Grey, Briggs and Farr (1961) that classical
antigen-antibody reactions will produce biphasic fever responses
in rabbits, and the finding of Jandl (1957) and Jandl and Tomlinson
(1958) that immune haemolysis in-vivo is accompanied by marked
pyrogenic/
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pyrogenic and profound leucopaenic responses analogous to
reactions to bacterial endotoxins. However, the latter authors
found that haemolysis induced by non-immunologic methods did not
result in fever or leucopaenia. In any event, these present
studies have shown that rabbit responses to injection of
in-vivo Type II sensitized and normal, non-sensitized chicken
erythrocytes are clearly biphasic and monophasic respectively.
Moreover, it has recently been shown that the pyrogenic response
to the classical antigen-antibody reaction is not biphasic, but
monophasic (Nott and Wolff, 1966). These authors also reported
that in contrast to the near complete absence of a latent period
'
"V
normally seen in endotoxin fever curves, the latent period before
temperature rise following antigen-antibody injection is usually
very long. The conclusion that the sensitizing factor of the
in-vivo Type II erythrocyte may be a polysaccharide is supported
by the finding by Sell and Braude, (1961) that rabbits intra¬
venously-injected with 5.co1i endotoxin-sensitized erythrocytes
developed typical biphasic fever curves, whereas control rabbits
given non-sensitized erythrocytes only responded with low-grade
monophasic temperature elevations.
Unlike the pyrogenic response, the leucocytic
response of the rabbit to intravenously injected sensitized
erythrocytes did not follow the classical pattern of initial
heterophile leucopaenia (neutropaenia) caused by endotoxin,
followed at variable intervals by leucocytosis involving largely
immature granulocytic forms ——— neutrophilia (Atkins, I960;
Visscher, 1965; Chervenick, Boggs, Marsh, Cartwright and
Wintrobe/
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Wintrobe, 1967). With the exception of erythrocytes sensitized
maximally in-vitro with specific endotoxin, none of the sensitized
erythrocyte preparations caused the initial leucopaenia, but
24 hours later all i jections were followed by various degrees
of leucocytosis, with only marginal or no response after
injection of in-vivo Type III sensitized erythrocytes (Table 11).
The failure to detect initial neutropaenia may be explained by the
finding that the characteristic pattern of leucocytic response to
endotoxin administration is dose-dependent (Atkins, I960; Boggs,
Cartwright and Wintrobe, 1966; Chervenick et al., 1967).
Furthermore, the finding that neutropaenia is not observed after
small doses of endotoxin in the rabbit (Farr and Le Quire, 1950;
Olitzki, 1959) or the monkey (Sheagren, Wolff and Shulman, 1967)
but that these injections were followed later by different degrees
of neutrophilia, lend further convincing support to the suggestion
that the absence of initial leucopaenia in these studies was due
to the relative smallness of the total dose of Type II in-vivo
sensitized erythrocytes and hence polysaccharide ——- injected.
In addition, even though previous studies by Smith, Alderman and
Cornfield, (1961), had shown no clear relationship between neutro¬
phil changes and dose of endotoxin administered in the mouse,
recent studies by Chervenick et al.. (1967) have demonstrated
that small doses of endotoxin in the mice induce only neutrophilia,
without preliminary neutropaenia.
Further evidence for S. ;al1inarum polysaccharide
as the erythrocyte sensitising factor was afforded by the specific
haemagglutination studies. These showed that cells obtained from
infected/
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infected animals were capable of inducing high titres of specific
anti-S.gal1 inarum polysaccharide antibodies in the rabbit. This
was of interest, in view of the fact that the present studies have
indicated the presence of very small amounts of polysaccharide
on the erythrocyte surface as a result of infection (Tables 14
and 15). However, Bokkenheuser and Koornhof (1959) have demonstr¬
ated that bacterial polysaccharide adsorbed on erythrocytes is
highly immuno ,enic and Landy, Johnson, Webster and Sagin (1955)
have shown that the antigenicity of endotoxin in mice, rabbits
and man, when compared with that of intact gram-negative bacteria,
is considerably greater than the organism from which it was
derived.'' For example, in rabbits, a single intravenous injection
of a small amount of purified S.typhosa endotoxin (O.OOl pgm.
per adult rabbit) was found to evoke a high level of haemagglut-
inins, and the haemagglutinin levels so evoked were shown to be in
proportion to the endotoxin dose.
Whilst the pyro*enic and leucocytic effects of
injected in-vivo sensitized (Type II) erythrocytes only indicated
the probable presence of a pyrogen or a 1ipo-polysaccharide
adsorbed on erythrocytes, the finding that these cells induced
specific anti-S.gal 1inarum polysaccharide antibodies after injection
(Tables 12-13) makes it more likely that the sensitizing factor
is a specific polysaccharide which has been adsorbed in-vivo
• \
by the erythrocytes during infection. Furthermore, using
immunoelectrophoretically tested specific antisera, the specific¬
ities of the adsorbed bacterial antigen and the antigen-antibody
complex, of respectively the in-vivo Types II and III sensitized
eel 1 sj
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cells, were confirmed by positive indirect and direct Coombs'
tests (Table 16).
Immunocytochemical evidence for specific
polysaccharide and specific homologous antibody as the in-vivo
sensitizing factors was also provided by the results of the
immunofluorescent experiments. A variety of specific antigen-
antibody reactions involving tissues, microorganisms and viruses
have been readily demonstrated by means of the fluorescent antibody
technique introduced by Coons and Kaplan (1950). The visualiz¬
ation of antigen-antibody systems, involving antigenic components
of erythrocytes by this method, has always been either unsuccessful
or difficult (Alexander, 1958; Whitaker et al., 1959; Cohen et al.,
I960; Lee and Vazquez, 1962). Properly controlled, however,
the immunofluoreseent method offers an ideal procedure for the
study of specificity of erythrocyte antigen-antibody systems.
In the results reported here, fluorescence of agglutinates or
individual sensitized erythrocytes was observed only when the
erythrocyte preparations were exposed to fluorescent conjugates
containing species specific immunoglobulins. The problem of
specificity in these results was adequately controlled by the
inclusion in all experiments of negative control experiments
involving non-sensitized and sensitized erythrocytes, and
blocking experiments with conjugated and unconjugated specific
antisera. Serological specificty of observed immunofluorescence
was subsequently demonstrated by the complete absence of any
fluorescence with the control experiments. Thus, the presence
or absence of fluorescence, at least under the conditions of
the/
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the present experiments, was clearly an al1-or-none phenomenon
and therefore the problem of having to discriminate between weak,
strong and non-specific fluorescence as a means of defining
specific reactions, did not arise. Similar procedures were
used by Jankovic ( 1959), Cohen et al.. (I960), Lee and Vazquez
(1962) and Johnson et al., (1965) in studies of red cell antigen-
antibody systems.
The present results have demonstrated that even
very small quantities of 1ipo-polysaccharide adsorbed on
erythrocyte surface can be easily shown visually. The most
interesting aspect of the use of this method has been apart
from confirming the specificity of the adsorbed bacterial antigen
—— the actual visual demonstration of the sensitizing factors
in situ. Successful application of this technique has provided,
both an accurate revelation of the sites of specific immune
reactions and direct immunocytochemical evidence for the
presence of specific 1ipo-polysaccharide and homologous antibody
at the surface of sensitized erythrocytes from chickens with
acute fowl typhoid.
In spite of the biologic, serologic and immuno-
cytochemical demonstrations of the specificity of the antibody in
Type III sensitization, the possibility also existed that some of
these in-vivo Type III sensitized erythrocytes may, in fact, have
resulted from non-specific adsorption of serum globulins (Stratton
and Jones, 1955; Jandl, I960; Warner, 1962; .Sutherland et al..
1963; Jensen, 1965), or the specific reaction between immuno-
globulins/
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globulins and erythrocyte surface antigens (Dacie, 1950;
1963, 1968; Dacie et al., 1957). The likelihood of this
happening is suggested by the finding of Warner (1962) that
erythrocytes of chickens between the ages of one week and 4
months have a coating of globulins detectable by the anti¬
globulin reaction. The factor responsible for this coating
was shown to be normally present in the serum. However,
this finding may be explained by observations made in the course
of the present studies which clearly showed that such non¬
specific Coombs positive reactions cotild be obtained with
incompletely absorbed "crude" rabbit anti-chicken whole serum
(Chapter III) and also with normal chicken serum containing
high levels of i so-haema ,g lut inins. Therefore, in an attempt
to definitely characterize the in-vivo Type III sensitizing
factor(s), various experiments were conducted in which the
sensitizing factor(s) were eluted, dissociated and finally,
serologically tested and identified. The results of these
extraction experiments, summarized in Table 17, clearly show that
the in-vivo Type III sensitizing factors consist of a mixture of
a specific polysaccharide and homologous antibody. Therefore,
the direct Coombs positivity observed during acute fowl typhoid
is the result of the reaction between antibodies directed
specifically against an adsorbed S,gal1inarum polysaccharide,
and is not due to a reaction between erythrocyte and anti-
erythrocyte antibodies or non-specific globulin adsorption. In
the present studies, the fact that relatively small amounts of
specific eluate factors were obtained was probably more a
reflect ion/
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reflection of the sensitivity of the tests and the experimental
conditions of the techniques used for the elution, dissociation
and serologic identification of the eluate factors, rather than
due to any lack of specificity in the eluted factors. Indeed,
difficulties encountered by apringer and Horton (1964) in
de. ionstrating elution of significant a. ounts of the antigen and
antibody froai erythrocytes sensitized in-vi tro with £. coli
polysaccharide and homologous antibody were attributed to the
general izzsensi tivi ty of the Landsteiner-Mi 1 ler elution method
(Landsteiner and Miller, 1925), which was used in the present
studies. On the other hand, Young and associates (Young et al..
1962), using the same method but combined with Weiner's alcohol
precipitation technique (keiner, 1957), were easily able to elute
from ostensibly Type III in-vivo sensitized erythrocytes
significant amounts of bacterial substances cross-reactive
with the infecting E.coli strains which had been acquired
^n-vivo by the erythrocytes of infants with enteritis. The smal1
amounts of the two components extracted may also be explained by
the fact that, in conformity with the concept of heterogeneity
of antibodies with respect of their avidity for tne antigen
(Pauling et al.. 1944; Karush, 1959; Talmage, 1959) hapten
or antigen molecules (of polysaccharide) may be removed mainly
from antibody combining sites with low affinities, and therefore
weakly or loosely bound. The corollary of this effect is that
equally, some of the strongly binding, high-affinity antibody
in the eluate will remain attached to the eluted antigen/
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antigen, thereby effectively blocking some of its antibody
combining sites.
Asa logical follow up to the demonstration of
in-vivo erythrocyte sensitization, possible changes in the
electrostatic charge on the surface of these sensitized
erythrocytes were determined. The results of these changes,
reflected in highly significant decreases in the electrophoretic
obility rates of the sensitized erythrocytes, indicate that
during acute fowl typhoid the erythrocytes are altered
electrostatically. The data clearly indicates that these
significant decreases in the electrophoretic mobility were the
direct result of the changes induced by the adsorption of
polysaccharide or the specific bacterial antigen and homologous
antibody. In support of this conclusion is the finding that
the erythrocytes of sludged blood (in»vivo agglutinated erythrocytes)
have visible surface changes (Knisely and Block, 1942; Knisely,
et al.. 1947; Knisely, 1959)» and that such cells have
significantly decreased electrophoretic mobilities {Redmond,
1948; Bellis and Snow, 1950).
The finding of marked retardation in the electro¬
phoretic mobility of in-vivo sensitized erythrocytes of chickens
with acute fowl typhoid, considered on its own is not unusual,
in view of the finding by various authors that certain haematologic
disorders in birds decrease the mobility of the erythrocytes
(Brown, 1933; Findlay and Brown, 1934; Redmond, 1948).
However, all these cases involved parasitic protozoan blood
infections, and the mobility changes might have been due to
the/
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the direct consequence of changes induced in the erythrocyte
surface negative charges by parasitization of the cells, or
adsorption of proteins on the cell surfaces. Nonetheless, the
fact still remains that alteration of erythrocyte surface by
various infectious organisms greatly affect its mobility
(Ponder and Ponder, 1955; Hopps and ingles, 1957; Rottino
and Angers, 1962; Hayry and Saxen, 1965, Dommert and
Dimopoullos, 1965; 1966; 1967).
In the present studies, highly significant
(p <O.Ol) differences between the mobilities of erythrocytes
sensitized in-vivo with only the polysaccharide (Type II)
and those with the antigen-antibody complex (Type III) were
observed. In addition, the mobility of the latter sensitized
erythrocytes was also very much decreased (p <O.OOl) as compared
with that of normal or sham sensitized erythrocytes. These
observations could be explained by the finding that in-vivo
adsorption of proteins by erythrocytes during certain infections
greatly reduces the electrophoretic mobility (Brown, 1933;
Redmond, 1948; Hartman and Nungester, 1953; Creger, Tulley and
Hansen, 1956; Shideler, I960; Rottino and Angers, 1962).
Furthermore, the recent demonstration by Sundaram, Phondke and
Ambrose (1967) and Diengdoh and Turk (1968) that the occurrence
of a specific antigen-antibody reaction on cell surface results
in very decreased electrophoretic mobility of such cells attests
to the validity of the above explanation; it also explains the
observations made when in-vivo Type III erythrocytes were
electrophoresed. The variations in the decrease of mobility
rates/
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rates were found to parallel the types of in-vivo erythrocyte
sensitization, thus probably indicating that the in-vivo
alteration of the erythrocyte surface is a stepwise change
the immune reaction sequence being initiated by the adsorption
of polysaccharide by the erythrocytes, followed later by
reaction with the homolgous antibody.
The finding of general retardation of electro-
phoretic mobility of in-vivo sensitized erythrocytes suggests
that the surface charge of erythrocytes is greatly influenced
by the immune reactions occurring on surface of cells during
acute fowl typhoid, and th© method for estimating electrophoretic
mobi lity can be used successfully to demonstrate such cellular
immune changes during other acute bacterial infections.
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CHAPTER V
THE AHAHMIA OF FQ. L TYPHOID; ERYTHROCYTE SURVIVAL
STHDIES 'JEING RADIQCIIROHI UM
IHIIlODUCT I ON
The occurrence of a clinical anaemia during the course
of fowl typhoid has long been recognised (Ward and Gallagher, 1920;
Cook and Dearstyne, 1934; Gordon and Brander, 1942; V'ilson, 1946;
Menzies, 1947; Hungerford, 1951; Smith, 1955; Buxton, 1957;
1959b; Hagan and Bruner, 1961; Hall, 1965; Emits, 1966). "revicnig
results have defined the character and extent of this anaemia under
controlled experimental conditions (Chapters II and III). However,
standard haematological techniques do not provide any indication
of the kinetics of erythrocyte turnover and survival under the
conditions of infection. "uch observations would provide direct
evidence that the lesion was caused by an increased destruction of
erythrocytes.
The most accurate technique for the estimation of red
cell life-span and the study of erythrocyte survival in haematologic
diseases, is the radiochromium method (Ebaugh, Emerson and Ross,
1953; Necheles, einstein and Le Roy, 1953; Mollison and Veall,
1955; Donahue, Motulsky, Giblett, Pirzio-Biroli, Viranuvatti and
Finch, 1955; Hughes-Jones and Mollison, 1956; Mollison, 1961;
511967). ince the use of Cr for the determination of the life¬
span of chicken erythrocytes has been demonstrated by Rodnan,
Ebaugh and Fox (1957), Jaffe and Hopkins (1961), .alter, Brake and
"elby (1965) and els, Schrappauf and Horn (1967), it was decided




The present studies were designed with the following
objectives:
(1) To obtain direct evidence of haemolysis (increased destruction
of erythrocytes).
(2) To demonstrate whether such haemolysis could account for the
severity of the anaemia observed.
(3) To estimate the erythrocyte survival time which should permit
an accurate expression of the rate of erythrocyte destruction
relative to the normal value, and to provide evidence of any
shortened erythrocyte life-span as a result of infection.
(4) To investigate the nature and type of the in-vivo haemolytic
mechanism by studying the pattern of departure from the normal rate
of erythrocyte elimination consequent upo infection.
(5) To observe and evaluate the effects of various treatments of
the host on the rates of survival and destruction of labelled
erythrocytes.
(6) To study the effect of various treatments of erythrocytes in
normal and immune hosts.
(7) To ascertain the origin of the destructive factors responsible
for the initiation of the haemolytic crisis; that is, delineation
of the intra- and extra-corpuscular defects (Veall and Vetter,
1958; Dacie and Lewis, 1968).
(8) To establish the sites of : emoval and destruction of erythrocytes
MATZRIALS AND METHODS
Sxperimental Animals: Two breeds of ch'.ekens were used. In the
first/
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first group approximately 60 white-link chickens, aged between
10 and ,12 weeks and of mixed sex, were used for the in i ection
studies. The second group of chickens were used for all the
S.,'_;al 1 inarum infection studies, and this consisted of 6-month old
'Hybrid 66' hens (Chunky-Chick Ltd.).
Preparation of S.gallinarum Hyperimmune Serum; Specific hyper¬
immune sera were prepared in chickens against S.aal1inarum strain
being used in these studies by a multiple inoculation schedule.
A washed, heat-killed (100°C for 60 minutes) suspension, containing
9
approximately 1.5 x 10 organisms per ml. was injected intravenously.
The animals were >led 10 days afterwards, and then re-immunized by
injecting the same dose into each pectoral muscle. They were bled
again 7 days after these intramuscular injections. The sera from
these 2 bleedings were pooled, the 0-antibody level assayed by
h emagglutination, and stored. (Samples of this serum were
fractionated on Gephadex G20O and pooled fractions were later
examined by immunoelectrophoresis (Chapter III), and found to
contain essentially IgM antibodies, with small but significant
levels of incomplete IgG antibodies).
S»real 1inarum Lipo-polysaccharide (LPS) Preparation: A purified,
LPS was prepared by the technique outlined in Chapter III.
Haematological Procedures: Methods for packed cell volume
(PCV) (determined on all serial blood samples withdrawn for
isotope counting) and haemoglobin concentrations (estimated in all
animals at the beginning and end of each experiment) have been




(a) Radiochromium Labelling: The in-vitro labelling
51
technique, with Cr as a sterile isotonic sodium chromate (Na0
^*Cr04) solution (Radio-chemical Centre, Amersham), was used.
The procedure for labelling was a .modification of
the method described by Ja.fe and Hopkins (1961): 6 mis. of blood
were withdrawn aseptically by syringe through the wing vein into a
quarter of its volume of acid citrate-dextrose solution (ACD),
containing 2 gms. of disodium citrate monohydrate and 3 gms. dextrose
anhydrous in 120 mis. of distilled water; pFI was S.5# The
erythrocytes were packed by gentle centrifugation at 1,000 r.p.n.
for 30 minutes, and the plasma-ACD supernatant was removed and made
up to 3 per cent plasma with sterile isotonic saline.
51
A dose of Na^ Cr04, corresponding to 3 to 4 pC per ml.
of blood, was added to packed erythrocytes, mixed and incubated for
o
30 minutes at 42 C, with regular gentle mixing every 5 mirutes.
(The high specific activity, corresponding to 100 mC per Cr,
was such that the radiochromium added did not exceed 10 to 20pgm
51
Cr per ml. of red cells (Cbaugh et al., 1953; Donahue et al.,
1955; : tohlman and Schneiderman, 1956). The labelled cells were
then packed by gentle centrifigation, supernatant removed, and then
washed once with 20 volumes of 3 per cent autologous plasma-saline
(preliminary pilot experiments showed that this procedure resulted
in 85 to 95 per cent incorporation of the isotope in the erythrocytes),
(b) Preparation of Standard and Injection Procedure: A known
volume of the reconstituted labelled cells (0.5 ml.) was accurately
measured out from a calibrated syringe for the preparation of a
standard. This was made up to 20 mis. haemolysate with distilled
water./
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water. A uniform, homogeneous counting geometry was obtained by
the addition of a knife point of saponin to the haemolysate (Van
Kampen and Heerspink, 1961). An equal small volume (1 ml.) of
this standard preparation was counted each time with the serial
blood sample.
For all injections, an accurately measured volume
(5 mis.) of the remaining labelled cells, which had previously
been resuspended in 3 per cent plasma saline to the original volume
of the blood withdrawn, were transfused via the wing vein without
delay.
(c) Radioactive Counting of Blood Samples: To obviate cleansing
of glassware, disposable Sequestrene (EDTA) tubes (Styne Laboratories)
and plain plastic, screw-top vials (Shipton Plastics, Middlesex)
were used, respectively, for serial blood collection and counting.
/fter injection of labelled cells, samples not
exceeding 1 ml. were taken rapidly into a sterile syringe which
had been wetted with EDTA and quickly delivered into the disposable
Sequestrene tube. (Sa pies were taken after 10, 30 and 60 minutes
after transfusion if whole blood and erythrocyte volumes were to be
51determined). For routine plotting of the Cr clearance rates
(survival curves), and unless otherwise stated to the contrary,the
zero day (1O0 per cent survival) was taken as the 24 hour sample
to establish the baseline (Necheles et a 1., 1953; Veall and
Vetter, 1958; Dacie and Lewis, 1963).
For normal survival studies it was necessary to bleed
the animals no more freqtiently than daily for 3 days and thereafter
at intervals of 3 or 4 days. Daily samples were, however, needed
for the infect ion studies.
(d) /
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(d) Preparation of haemolysate for counting; For normal
survival studies 1 ml. of accurate iy measured blood sample was
pipetted into the disposable counting vial, and haemolysed by the
addition of a knife point of saponin. (For all other survival
studies, 0.5 ml. of the blood sample was accurately measured,
lysed with an equal amount of distilled water and a sprinkling of
saponin). The top of the vial was screwed down and the activity
subsequently counted.
(e) Counting of Radioactivity: Counting of activity in the
prepared haemolysate was carried out on a thallium-activated
sodium iodide well-type crystal scintillation counter (Panax
Equipment, Ltd.) connected through a photomultipiier to an amplifier
and a scaler which displays the number of impulses in a pre-set
time. The counter was calibrated before use to ensure high
efficiency (Joske et al.. 1956; Dacie and Lewis, 1968), and the
Extra high tension unit (ExIT) and Discriminator Bias (DB) were
fixed at 1200 and 7.5 volts respectively. A series of background
counting readings 1000 counts per counting were taken and
the mean determined. Determination of sample radioactivity was,
hov/ever, based on the mean of 3 minimum counts of 10,OOO.
Correction for physical decay was ensured by making these compara¬
tive measurements: the counting of an equal volume of the standard
each time and soon before, and after, the counting of the Day t
sample ( .'eins tein and Le Roy, 1953).
After correcting both readings for background
activity, the sample radioactivity was expressed as 'counts per
second per ml. whole blood'. This method of measurement of
radioactivity had been recommended by many investigators as the
ideal procedure for disorders in which the erythrocyte volume is
changing/
changing rabidly, for example, in haemolytic syndromes where the
rate of erythrocyte destruction greatly exceeds the rate of
production (Read, Wilson and Gardner, 1954; Marvin and Lucy, 1957;
Veall and Vetter, 1958; Stohlrnan, 1961; Blahd, 1962; Brecher,
1967; Dacie and Lewis, 1968). However, where there were no
significant changes in the total erythrocyte numbers, the activity
was expressed as counts per second per unit PCV.
The final activity of all these sample counts were
finally expressed as the ratio of the activity in each sample
to the activity of the standard, and this corrected for physical
decay, as mentioned above. The disappearance of radioactivity
(labelled cells) from the circulation was then calculated for
each sample, taking either the 24-hour or 10 minute value, where
appropriate, as the 100 per cent survival (Zero Day).
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The findings that the rates of Cr elution from
normal and abnormal cells in many haematologic disorders are the
same (Read et al.. 1954) and that correction for elution is
unnecessary^in disorders where erythrocyte destruction is abnormally
high and rapid (Necheles et al., 1953; Donahue et al., 1955;
Hughes-Jones and Mollison, 1956; Cline and Berlin, 1963; Dacie and
51
Lewis, 1968) led to the decision not to correct for Cr elution
in the present studies. In any case, the present studies
consisted essentially of comparative measurements.
(f) Calculation of Erythrocyte Survival: Sample activity,
expressed as counts per second per unit of whole blood (or per
unit PCV), was calculated as a percentage of the activity
remaining on Day-0 (Zero Day). For subsequent Day-t measurements,
51
the percentage Cr survival was given by the ratio:
Counts/
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Counts/sec./ml. blood on Day-t x lOO
II II .1 II II Day-O
These values were subsequently plotted graphically against time
on an arithmetic graph.
Individual elimination curves were interpreted
according to the ragularity and randomness of the erythrocyte
destruction. Erythrocyte survival was expressed as the Half-Life
51
(Tj^ Cr) —— the time when 50 per cent of the activity still
2
remained in the circulation. In spite of the absence of any
physico-biological significance in the latter parameter (Bergner,
19 '5), it was, however, included here for comparison with the more
statistically significant mean red cell life (MCL) and maximum
red cell life to conform to accepted usage. here appropriate,
the MCL the average life-span of the whole red cell population
■■■■■■ ■ ■ was estimated by extrapolating a tangent at the initial linear
portion of the curve to the abscissa, as recommended by Dornhorst
(1956), Marvin and Lucy (1957), Lewis, Szur and Dacie (i960) and
Mo11ison ( 1967). MCL estimation depends on the type of the
survival curse obtained, whilst the maximum cell life is readily
estimated as the point of intercept of the curve with the abscissa
(Marvin and Lucy, 1957). ^
Apparent survival curves (Necheles et al. , 1953) v/ere
also compared graphically.
( g) Determination of Residual Organ Radioactivity: A t t he
termination of the experiment, the animal was bled through the
jugular vein under light anaesthesia to remove the remaining
circulation radioactivity (Braude st a1.. 1955). The animal was
then sacrificed and the spleen and liver removed, weighed and
soaked in water at 4°C unt 1 the washings contained *to apparent
haemoglobin. This procedure was necessary to ensure that the
presence/
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presence of radioactivity in an organ was not that of the blood
contained within it (Braude et al,, 1955). (Animals which had
died as a result of infection were, however, immediately autopsied,
and the organs removed and likewise processed as described above.)
1 gm«quantities of the organs were counted after being
digested with hot, concentrated nitric acid, according to the method
described by Burton and Mollison (1968). Sach gm-aliquot was
issolved in 10 mis. of nitric acid before 2.5 mis. of this were
counted; the total (absolute) activity in each organ (net weight)
was then calculated. Corrections for decay were made as before.
Finally, the distribution of the isotope was counted
as a fraction or percentage of the organs' specific radioactivity
to the total injected radioactivity. The problems of variable
quenching (gamma ray absorption) by different tissues, and other
interfering factors, have not been surmounted by this procedure.
However, by combining the various techniques described above, it is
probable that a reasonably accurate organ activity estimations were
obtained.
The total, initial radioactivity was calculated by
the method described by Veall and Vetter (1958).
esign of experiments:
Erythrocyte urvival studies were performed by
separating the overall experiments into 2 sections:
(1) Studies in Non-Infected Chickens
White-Link chickens were used; they were divided
into 4 groups:
iroup I:- Normal Erythrocyte Survival Studies: The animals
were/
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were auto-transfused with labelled cells and survivals were
determined to establish the normal rate and pattern of elimination
for purposes of comparison later on. Total blood and erythrocyte
volumes were estimated by the procedure outlined by Veall and
Vetter (1958). The activity in these studies were expressed as
counts per second per unit haematocrit (PCV).
Group 11 :- erythrocyte Survival Studies following Induced
Haemolysis: (See Chapter VII). dach one of these animals was
auto-transfused with the usual dose of 1abel1ed-erythrocytes, and the
survival rate determined for at least one week. Afterwards, each
animal was intravenously injected with a sensitizing dose of
gallinarum endotoxin (40 mg per Kgm.) (This dose of endotoxin has
been found to sensitize the erythrocyte in-vivo —— Chapter VII).
Subsequently, the elimination of these in-vivo sensitized, labelled
cells was followed by serial radioactivity determinations.
Control experiments for this group consisted of a
reversal of the injection procedures for the test experiments:
(a) autologous labelled, but non-sensitized, cells were
transfused either 6 or 24 hours after the injection of 40 mg. per Kgm.
endotoxin.
(b) Chickens were given sterile saline in plade of endotoxin,
but injections were in the same order as in the test animals.
-iroup III : - Auto-transfusion with labelled in-vitro specific
polysaccharide-sensitized (maximally and minimally) erythrocytes:
About half the total number of the animals in this group were primed
with 2 mg. of polysaccharide each. They were left for 7 days and
then auto-transfused with labelled sensitized cells.
The/
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The other remaining animals in this group were also
injected with labelled sensitized cells, but these were not
primed.
51
Method for in-vitro Sensitization and Cr labelling: Erythrocytes
were collected, washed twice in sterile saline and suspended in
saline at 10 per cent. The cells contained in these suspensions
w re then either maximally or minimally sensitized with '.gall inarum
1ipo-polysaccharide (Chapter IV). They were then washed 3 times
51
in saline and labelled with appropriate amounts of Cr. After
re-suspension in autologous plasma-saline —-— except for injection
into primed chickens . . . appropriate amounts of these cells were
transfused. (Specific polysaccharide sensitization was verified
51
each time after Cr labelling by haemagglutination with the
homologous antiserum).
These experiments, analogous to survival studies of
51
Cr labelled-scjnsi tized erythrocytes in immune and non-immune
animals, were controlled by a series of experiments involving
the auto transfusion of labelled, sham-sensitized cells into primed
and normal chickens.
Group IV:- The effect an ' influence of passively administered
specific, homologous antibody on the survival rates and imttern
of elimination of in-vit.ro sensitized autologous erythrocytes :
There are two main advantages in carrying out these experiments:
(1) Known amounts of antibody can be administered so that the
effects of low concentrations, below that which could be detected
serologically, can be investigated.
(2) Known amounts of sensitized, labelled cells can be studied in
relation to amounts of antibody present in circulation, and immune
clearance rates can therefore be easily compared. This group
of/
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of animals was divided into 5 sub-groups, and various experiments,
involving auto-transfusion of accurately measured doses of
sensitized labelled cells, followed later by injection of various
amounts of homologous antiserum, were performed. Survival curves of
such studies were followed as indicated below:
(a) Effect of a fixed amount of homologous antiserum on
various doses of maximally-sensitized cells.
(b) Effect of various amounts of homologous antiserum on a
fixed dose of maximally sensitized cells.
(c) Effect of various amounts of homologous antiserum on a
fixed dose of minimally sensitized cells.
(d) Effect of a second injection of homologous antiserum.
(e) Control experiments included animals receiving the same
range of doses of sensitized, labelled cells, but sterile saline
was injected in place of homologous antiserum. Other control chickens
received sham-sensitized, labelled cells of the same dose range
and the same amounts of homologous antibody as employed in the
test animals.
In this group, accurately measured volumes of packed
sensitized cells were injected without being suspended in autologous
plasma-saline. However, the last traces of cells left in the
syringe after injection were taken up in a small volume of plasma-
saline and re-transfused, The whole injection exercise took less
than 2 minutes.
Activity in these experiments was determined over a
period of about 2 hours, taking the 10-minute sample as the lOO
per cent survival. Samples were thus taken after 10, 30, 60,
120 /
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120 and 150 minutes; and after injection of antibody, at 10, 30,
60, 120 minutes; 4, 6, 24 and 48 hours.
(2) Infection Experiments:
These consisted of all the survival studies in chickens
which were infected with S.gal 1inarum. Adult 'Hybrid 66' hens were
used, and these were divided into 2 groups:
Group 1:- Erythrocyte Survival Rates in Infected Chicken: Some
of these animals were infected 24 hours after they has been transfused
with labelled autologous erythrocytes. Another batch of chickens
were infected 7 days after daily elimination of auto-transfused
cells had been monitored.
Control studies consisted of injection of sterile
broth culture, instead of viable S.gal 1inarum.
In these experiments, the initial radioactivity injected
was doubled by labelling the cells from 10 mis. of blood withdrawn
with a radiochromium solution containing an activity of 60 to 70pC.
Group 2: - Cross-transfusion Erythrocyte Survival Studies: A
number of the animals were homo-transfused with either Type II or III
in-vivo sensitized, labelled erythrocytes which had previously been
checked for sterility (Chapter IV). These cells were injected
suspended in sterile saline, and in contrast to the measurements
involving infected chickens, activity was expressed as counts per
second per unit haematocrit since the total red cell mass remained
stable throughout the measurements (Veall and Vetter, 1958; Blahd,
1962).
Some of the animals in this group were also injected
with homolgous, non-sensitized (normal) labelled erythrocytes at
various/
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various stages during infection with fowl typhoid. Thus, the
animals were transfused either 2, 3, 4 or 5 days after being
infected.
Control experiments in this group consisted of
injection of normal, labelled homotgous cells, taken from the same
donor chickens which were subsequently infected and their in-vivo
sensitized cells utilised as described above. Other animals
received labelled cells at various times after injection of a
sterile broth digest culture.
Terminology: It was considered important to define some of the
terms used.
(a) Where the term 'haemolysis' is used it will denote an
increased rate of erythrocyte destruction; it will not imply that
this is due to any particular mechanism, or that haemolysis is
intravascular with haemoglobinaemia.
(b) 'Overt haemolysis' will also denote clinically obvious
haemolysis as shown by anaemia, bi1irubinaemia and gross reticulo¬
cytes i s .
(c) 'Latent or Occult haemolysis' will denote haemolysis which
is not clinically obvious, but which can be demonstrated by pigment
excretion and/or eryt rocyte survival studies.
(d) Haemolytic anaemia is equated with overt haemolysis;
excessive haemolysis means a rate of erythrocyte destruction which
is greater than normal, and which may or may not be clinically
obvious.
RESULTS
(1) Erythrocyte Survival in Normal Chickens:
51
The normal plot of Cr labelled autologous
erythrocyte/
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erythrocyte disappearance, over 30 days is a slightly curvilinear
slope which is not truly exponential (Fig. 32). Assuming a
51
constant rate of elution of Cr the slope of this line is then an
accurate reflection of the erythrocyte life-span (Mollison, 1967).
51
As an index of the rate of Cr disappearance, the time for 50
per cent of the isotope to disappear from the circulation is
usually taken. This is the half life, and was found to be between
13 and 14 days in the chicken. These determinations compare well
with the recent finding of half-life of over 13 days in chickens
by Wels et al., (1967).
The normal mean cell-life (MCL) and the maximum
cell-life were also calculated, according to Dornhorst 's method
(Dornhorst, 1951), to be 21 and 33 days respectively. Maximum
life span of chicken erythrocytes had previously been estimated
by the radiochromium method to be 30 days (Rodnan et al., 1957 )
and a range of figures between 28 and 32 days had also been
obtained by Hevesy and Ottesen (1945) and Ottesen (1948) using
other techniques.
Unlike mammalian erythrocytes, it has been found that
51
the in-vivo elution of Cr does not appreciably influence the
estimation of the maximum life-span of avian erythrocytes (Rodnan
et al . , 1957).
(2) Erythrocyte Survival in Infected Chickens:
51
These studies describe experiments with Cr
labelled erythrocytes in chickens infected with virulent S.gallinarum
and normal chickens homo-transfused with erythrocytes which had
been previously sensitized in-vivo during infection.




a group of infected and normal chickens are shown in Fig.33. The
half-life of labelled autologous cells was very significantly
shortened as compared with control animals: from 3.25 to 4.75 days,
as opposed to 12.5 to 14.5 days respectively (Table 19). This
Table also shows that the maximum cell life-span of the infected
animal was also drastica lly reduced —— from a mean value of over
30 days to between 5 and 6.5 days. Animals which were infected,
either 24 hours or 7 days after auto-transfus ion of labelled cells,
all characteristically showed an acceleration of erythrocyte loss
a few hours before death, which was between the fourth and sixth
days after infection.
The surviving residual blood radioactivity depended
on the time of death of the chicken. For example, chicken number
202, which died within 4 days after infection, still had nearly 34
per cent of the blood radioactivity remaining. On the other hand,
there was less than 13 per cent of total blood radioactivity in
chicken number 613 which died after 6 days. Measurements of plasma
radioactivity showed no significant deviation from background
51
activity to indicate release of Cr. Furthermore, there was no
increase in plasma haemoglobin.
(ii) Cross-Transfusion Studies in Infected Chickens: Having
established that erythrocytes are rapidly destroyed during fowl typhoic-
the next step was to examine the behaviour of normal homologous
erythrocytes in infected animals, and conversely, of in-v:vo
erythrocytes in normal chickens. Such studies are imoortant in
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(a) Survival of Normal Erythi'ocytes in Infected Chickens: The
results of survival of normal, homologous erythrocytes in acutely
infected chickens are depicted in Fig. 34, which shows that normal
erythrocytes are destroyed rapidly in chi ckens infected with FL
gal1inarum. It could not be ascertained whether these cells
became sensitized after being transferred to their new host before
being eliminated. However, it is quite conceivable that cells
which were transfused 2 or 3 days before death were subsequently
sensitized before destruction. This suggestion is substantiated
by the finding tha.t chicken (for example, number 254) transfused with
erythrocytes less than 24 hours before death showed only slight
decrease in erythrocyte survival. In the latter animal, there was
still well over 65 per cent radioactivity present in the circulation
at the time of death. Ih contrast, chickens (numbers 210, 223 and
224) which were transfused with ormal erythrocytes more than 3
days befoie death, exhibited very marked decreases in concentration
of radioactivity, and, on the average, only slightly more than 10
per cent blood readioactivity remained at the time of death.
(b) Survival of in-vivo ulnsitized Erythrocytes in Normal Chickens:
When either in-vivo Type II or III sensitized, labelled cells were
transfused into norma) chickens, a proportion of these cells were
rapidly destroyed (Fig.35). This followed from the survival caves
which appeared to consist of 2 co uonents or cell populations: an
initial steep slope followed by a much less steeply falling slope.
Using the formula given by Dacie and Lewis (1968) it was found that
over 70 per cent of the injected labelled cells were rapidly
destroyed, with a mean half-life of 4 days, and a maximum life-span
of /
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of 6 days. The life-span of the remaining 30 per cent radioactivity
was also found to be 28 days, and the MCL of the entire cell
population was deduced to be 8 days.
(3) Survival of Erythrocytes Sensitized with S.gallinarum LPS in
Primed (immune) and Non-immune Chickens:
To investigate the role of immune mechanisms in
mediating the clearance of sensitized erythrocytes, these studies
were undertaken to measure the survival of erythrocytes that had been
sensitized in-vitro with S.gal1inarum polysaccharide in non-immune
and immune (primed) chickens. The results of this investigation
are illustrated in Figs.36 and 37.
Erythrocytes maximally sensitized and transfused into
normal, non-immune chickens had appreciably shortened survival as
compared to normal erythrocytes, with a range of half-lives between
3.5 and 4.5 days and mean of maximum cell life of 23.5 days (Fig.36).
This figure also shows that the individual survival curves could be
resolved into 2 components: an initial steep slope followed, at
approximately 5 days, by a change to a more gradual decline. It is
noteworthy that all the non-immune animals eventually produced
specific LPS-antibodies as a result of being challenged with
maximally sensitized cells. The haemagglutinating titres, 3 days
after injections, ranged from 1:20 to 1:8Q, and by the fourteenth
day they had risen further and ranged from 1:1280 to 1:5120.
However, this high titre did not seem to affect the clearance rate
as after the fifth or sixth day as already described, increased
survival became apparent.
In contrast, in chickens primed with LPS and auto-
transfused/
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transfused with maximally sensitised cells 7 days afterwards,
striking d struction occurred within 15 to 3D minutes after
t:ansfusion (Fig.37), Because of this marked initial haemolysis,
the labelled erythrocytes did not survive beyond the first 24 hours.
Subsequent surviving radioactivity was found to be mainly present
in the plasma, as evidenced by the slight haemoglobinaemia and
increased plasma radioactivity. The initial 50 per cent loss
in the animals ranged from 1o to 30 minutes, and all the sensitized,
labelled cells h. d been eliminated within 90 minutes after trans¬
fusion.
It was also of interest to record that the priming
of c iickens with T, , prior to transfusion with sensitized cells,
elicited the production of specific haerna glutinating titres ranging
from 1:256 to 1:1024, approximately 7 days after the injections.
,uite different results were obtained when erythrocytes
were minimally sensitized and auto-transfused into normal and primed
chickens. In non-immune animals, an appreciable amount of radio¬
activity was lo t within 24 hours, but the subsequent survival of the
cells showed only a slight deviation from the normal range (Fig.36).
The half-lives ranged from 8.5 to 10 days, and the cells survived
in the circal tion on an average of about 30 days. Two-component
curves were not observed as with the maximally sensitized cells,
and the survival curves showed reasonably smooth, but slight
c irvilinearity.
It was, however, surprising to find that only a slight
deviation from the pattern of cell destruction, as above, was obtained




chickens. The only difference was the exaggerated, rapid, initial
clearance observed soon after transfusion (Fig.37). Survival
after 24 hours was not markedly different from minimally sensitized
cells transfused into non-immune chickens, and the half- and
maximum cell lives were determined respectively to be between 6.5
and 8.5 days and 29 and 32 days.
It was also of interest to note that cells, even
moderately altered by polysaccharide, showed appreciable shortening
of their half-lives in immune animals as compared with the values
obtained for the sham sensitized cells, which were between 13 and
14 days (Fig.37). However, the half-life range of 6.5 to 8.5 days for
the minimally sensitized cells in immune animals was still signifi¬
cantly higher than even the range obtained after injection of
maximally sensitized cells into normal, non-immune chickens (3.5 to
4.5 days). These results reveal that erythrocytes sensitized
in-vitro with high concentrations of polysaccharide are rapidly
eliminated from the circulation of both immunized and non-immunized
chickens. However, the presence of homologous antibody ensures
nearly a 200-fold decrease in the half-life of maximally sensitized
erythrocytes as compared with the survival time of the same type of
cells in the absence of specific antibody (Figs.36 and 37). This
dramatic effect of antibody on the rate of clearance of sensitized
cells was, however, not observed with erythrocytes sensitized with
minimal amounts of bacterial polysaccharide. These minimally
sensitized cells were found to be cleared at nearly the same rate
both in the presence and absence of homologous bacterial antibodies.




It was of interest to determine whether endotoxin
(LPS) injected directly into the circulation alters the survival
of labelled erythrocytes. Accordingly, experiments were carried
out to show the effect of injection of a large sensitizing dose
of LPS (40 mgm. per Kgm.). The results of such survival studies
are depicted in Fig. 38. Chickens which received these large doses
of endotoxin exhibited the following extremely interesting charact¬
eristic survival curves:
(i) There was an immediate increase in the rate of disappearance
of radioactivity after the injection of the LPS. In addition,
there were daily decreases in erythrocyte survival which were,
however, small but uniform.
(ii) However, 4 or 5 days after the injection, a sudden and rapid
loss of a large amount of radioactivity occurred, and the final
outcome of such a loss of labelled erythrocytes was the development
of a moderate to severe clinical anaemia.
It was found that, on average, the mean haematocrit
was reduced from an initial value of 32 to approximately 20 per cent
at the peak of anaemia. (All the chickens survived this h e :olytic
crisis, and recovered fairly rapidly. For instance, by the tenth
day after LPS injection nearly all the animals had returned to
normal. Centrifugation of a blood sample, taken at this ooint,
showed that the residual radioactivity was almost exclusively in
the plasma.
Control c ickens which received the LPS either 6
or 24 hours before the transfusion of labelled erythrocytes
exhibited a greater decrease in concentration of radioactivity in
the first 24 hours than did animals which received sterile saline,
followed/
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followed by labelled erythrocytes. However, the half-life of the
cells after 24 hours was within normal range in both control groups
(12.5 to 13.5 days) (Fig.38).
( 5) Effects of Passively '.dmini s tered Antibody on Clearance of
iensitized Hrythrocyte s:
In view of the indications that antibody was concerned
in the enhanced clearance of sensitized erythrocytes, radiochromium
experiments were designed to study the action of such antibodies
on phagocytosis of autologous erythrocytes carrying the specific
salmonella antigen.
(a) Rate of Clearance of Sensitized Autologous Erythrocytes:
The results of these experiments, summarized in Table 20 and illus¬
trated in Fig.39 (A, D and C), show that the rate of blood clearance
of sensitized erythrocytes was greatly increased by the injection of
the specific anti-salmonella LPS-serum as indicated by the range of
half-lives of treated and untreated control chickens.
The rate of blood clearance of 50 per cent of maximally
sensitized cells was significantly gteater than minimally sensitized
cells ( ""able 20. ) Depending on the amount of injected specific
antibody, the half-life of maximally sensitized cells ranged from
7.5 to 27 minutes; corresponding figures for minimally sensitized
cells were from 1.5 to 9 days. .hen sterile saline was injected
in place of specific antibody, the half-life of maximally sensitized
cells was still markedly reduced (that is, between 4 and 5 days).
On the other hand, sham sensitized cells survived normally whether
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Table 20 and Fig.39B also show the rates of clearance
of a moderate fixed dose (0.5 ml. per Kgm,) of maximally, minimally
and sham sensitized erythrocytes, related to various amounts of
homologous antibody to be injected. ith maximally sensitized cells
the fastest rates of clearance were observed in animals receiving
the largest amount of antibody and the slowest rates in those
receiving the smallest amount of antibody. For example, a half-life
of 10.5 minutes was obtained when chicken number 7462 was given 5 mis
of antibody per Kgm. whilst chicken number 7454, which received only
1 ml. of antibody per Kgm., gave an erythrocyte survival half-life
of 27 minutes. However, the correlation in the intermediate cases,
between the dose of antibody and the rate of clearance, was not
close. It was observed that the rate of clearance of maximally
sensitized cells was always exponential, even when clearance was
slow (Fig. 39A and B). There was also evidence that the curves had
more than one component after the radioactivity measurements were
plotted semi-logarithmically.
In contrast, minimally sensitized cells auto-transfuse
into normal chickens (numbers 5064 and £082) showed half-lives of
1.5 and 9.3 days respectively when challenged later with 5 mis. and
1 ml. per Kgm. of homologous antibody respectively (Table 20, Fig.
39C).
Plasma, Radioactivity after Clearance: Determination of plasma
radioactivity in representative animals from this group indicated
that destruction of sensitized cells was extravascular, rather than
intravascular. Thus, chicken numbers 7454 and 7133, in which
clearance was relatively slow, the plasma radioactivity at the
conclusion of the experiments was less than the equivalent of 2 per
cent of the total injected dose. However, in cases in which the
clearance/
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clearance was very rapid the amount of plasma radioactivity
reached values equivalent to 5 or 6 per cent of the total injected
dose. For example, in chicken number 7428, in which the cells
were cleared with a half-life of 10.5 minutes, the plasma radio¬
activity at 30 minutes ■ after more than 75 per cent of the
cells had been cleared from the circulation —— was 5.8 per cent,
and at 5.5 hours it was only slightly over 6 per cent. imilarly,
in chicken number 7437, one hour after injection of specific
antibody —— at a tipie when 95 per cent of the cells had been
eliminated ——- the amount of plasma radioactivity was not more than
5 per cent of the total injected dose.
These small but gradual and slow increases in plasma
radioactivity indicated that this activity entered the circulation
slowly, and probably after the phagocytosis and destruction of the
labelled erythrocytes by the cells of the reticuloendothelial system,
rather than by direct liberation from damaged erythrocytes.
( c)Clearance of Small and Large Doses of Sensitized irythrocvtes:
Survival of various doses of labelled, maximally sensitized cells
was estimated in a group of c ickens, and some representative results
are given in Table 20 and Fig.39A. Fig.39A shows that in the
a imal (number 7437) receiving only O.l ml. of sensitized cells
per Kgm., clearance was approximately exponential and very rapid
(the half-life was 7.5 minutes), and it involved virtually over
95 per cent of the injected cells. On the other hand, in the
animal number 7443, receiving a larger dose of sensitized cells (1
ml. per Kgm,), a two-component curve was observed: 55 per cent
of the cells being cleared relatively rapidly (half-life was 18
minutes),/
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minutes), and the remainder very slowly, with a mean cell life
of about 5 days. The patterns of clearance were identical in
the animal (number 7428) which received a moderate dose of
sensitized cells (0.5 ml. per Kgm.) and the one (number 7495) which
was injected with an intermediate amount of homologous antibody
(2.5 ml. per Kgm.) (Fig.39B). All other chickens given various
doses of sensitized cells were injected with a fixed standard
amount (2 mis. per Kgm.) of homologous antibody.
It was also observed that in animals in which there
was only partial clearance in the first 1-2 hours, cells surviving
at the end of that time were only slowly eliminated. For example,
in chicken number 7454 (Fig.39J3), where cell survival after 24 hours
was 40 per cent, survival at 48 hours was still 38.5 per cent.
(d)Glearance after Two Successive Injections of Antibody: Evidence
was sought to support the hypothesis that one of the causes of the
two-component curves obtained above may be the 'exhaustion* of
antibody, as well as to uneven sensitization of the erythrocyte
population; Fig.40 illustrated such studies.
Chicken numbers 6550 and 6818 were given 2 mis of
maximally sensitized cells per Kgm., followed 24 hours later by the
injection of 1.5 ml. of homologous antibody per Kgm. After a
'plateau' had been reached, a second injection of the same amount of
antibody was given intravenously, causing prompt destruction of
over 80 per cent of the previously surviving cells.
X
In one case, not recorded, the second dose of antibody
was delayed until 3 days after the cells had been injected, and these
were again . , ,rapidly cleared. Ihis clearly demonstrated that there is
no question of elution of polysaccharide from the cells; furthermore,
thi s/
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this finding reinforces the conclusion that rapid clearance of
sensitized cells was mediated through the action of the specific
antibody.
(6) ites of erythrocyte destruction:
Full understanding of the disappearance of radio-
activity req lire's quantitative study of the rate and route of
excretion, as well as the sites of isotope deposition. The results
of such studies, providing direct evidence of the pattern of erythro¬
cyte destruction, are summarized in Table 21. This shows clearly
that the particular sites of erythrocyte destruction depend on the
degree of sensitization and the rate of elimination. This
relationship is also indicated by the ratio of the spleen to liver
activity.
Organ radioactivity distribution was studied by
51
deter ining the amounts of Cr activity in spleen and liver at the
conclusion of the various experiments. As Table 21 shows, residual
radioactivity distribution in these organs in the infected chickens
was very different from the pattern observed in control c.ickens,
On the average, over 70 per cent of the total injected radioactivity
was present in the spleen and livex* combined. bach of these organs
destroyed approximately equal amounts of labelled erythrocytes.
However, in terms of unit organ wet weight, the spleen is consider¬
ably more active.
Normal c ickens (for example, numbers 6764 and 6806),
which were auto-transfused with in-vitro maximally sensitized cells,
also s owed proportionately higher splenic cell destruction than
the liver, and the spleen/liver activity ratios, as compared with
control/
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control animals given sham sensitized cells (found to be over 31),
were respectively 7.2 and 11.6.
In the case of minimally sensitized cells transfused
into immune chickens (for example, numbers 6750 and 6898) the results
suggested that the spleen was more efficient in clearing these cells
than the liver. The striking nature of this splenic activity was
shown by the finding that, of the 70 per cent of total injected
radioactivity recovered in the spleen and liver together, more than
50 per cent were deposited in the spleen. A similar effect was found
when autologous, minimally sensitized cells were transfused into
normal chickens, and specific antiserum was injected later (see
chicken numbers 5082 and 5064 in Table 21).
In contrast to the above, greater liver deposition
of activity was observed in cases where the cells were rapidly
eliminated; that is, maximally sensitized cells in the presence of
large quantities of specific antibody. This is exemplified by
chicken numbers 6801 and 6711 where, of more than 70 per cent of
the injected radioactivity recovere in the spleen and liver
combined, more than 60 per cent were in the liver. Similar
activity distribution was also observed in chicken numbers 7428 and
7462: of the approximately 90 per cent activity deposited in spleen
and liver, the liver alone was found to contain 80 per cent of
tnis activity.
These results therefore showed that erythrocytes,
which were rapidly eliminated from the circulation —a direct
function of both the uantities of adsorbed polysaccharide and
homolgous antibody ——— are sequestered mainly by the liver. Such
cases, related to their spleen/liver activity ratios, were found
to/
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to have very low values. In contrast, cells which are slowly
removed from the circulation are destroyed mainly in the spleen,
and these have relatively higher spleen/liver activity ratios.
PISCUSSION
The results obtained here with -^Cr labelled-
erythrocytes, especially the finding of abnormal shortening of
erythrocyte survival time during acute fowl typhoid, provide
convincing direct evidence of increased erythrocyte destruction
as probably the sole mechanism for the causation of the anaemia.
Until the present studies ware carried out, it was
not known which of the following mechanisms was responsible for
the anaemia:
(1) Haemolysis: either (a) pathological increase in the normal
mechanism of effete erythrocyte re oval, or (b) intravascular lysis
of erythrocytes.
(2) Inhibitory effect on blood forming tissues; that is, dyshaemo-
poeisis. From earlier observations (Chapters II and III) it is clear
that both intravascular haemolysis and dyshaemopoeisis ca be ruled
out as significant factors. The present studies have, however,
established unequivocally that, the anaemia of acute fowl typhoid
in haemolytic and the indications are that the mechanism responsible
for its induction has an immunological basis.
The radiochromium-tracer method has been used
extensively by several workers in the evaluation changes that occur
spontaneously during the course of many types of haematologic
diseases of man and animals (Veall and Vetter, 1958; Dacie and
Lewis/
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Lewis, 1968), The great efficiency of tagging of chicken
51
erythrocytes with C has been demonstrated by Jaffe and Hopkins
(1961), Walter ot al. ( 1965) and .els u t al. (1967), and its use
in the present studies has revealed direct evidence of the increased
erythrocyte destruction, and thus permitted an accurate expression
of the rate of destruction relative to the ormal value. It has
also enabled an estimate to be made of the mean erythrocyte life-span
associated patterns of in-vivo erythrocyte destruction during
inf ection.
During experimental acute iowl typhoid the average
haematocrit fell to about 50 per cent of its original volume (Chap¬
ter II). However, using the radiochro iium labelling method to
estimate blood cell loss during tnis period, the indications were
that nearly 80 ->er cent of the infected animals' original total
number of erythrocytes has been destroyed at the time of death
(Table 19). These observations demonstrate that much greater numbers
of erythrocytes are destroyed durin the course of this infection
than has hitherto been shown by standard hematological methods.
This underestimate of the actual total erythrocyte numbers destroyed
is clearly the consequence of compensatory erythropoesis, which is
replacing the lo t erythrocytes with now, unlabel led* probably immature
cells (reticulocytes). This is supported by histological studies
which showed hone marrow hyperplasia and marked reticulocytosis
(Chapters II and III). The use of the radiochromium method has
therefore enabled the quantity of the original total of circulating
erythrocyte number destroyed to be estimated.
The survival curves are regarded h. re as reflecting the
actual/
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actual life-span of the erythrocytes during infection. The total
51
Cr activity loss could not have been significantly influenced
by the daily sampling, as each sample was only slightly more than
1 ml. and the total blood loss due to sampling was about 10 mis.,
corres onding to about 5 per cent of the total blood volume.
51
Moreover, the finding that the rate of Cr elution from labelled
cells is neither altered in haematologic diseases (bead et al.,
1954) nor significantly important in haemolytic processes where
there is rapid destruction of erythrocytes (Necheles et al., 1953;
Hughes-Jones and 'ollison, 1956; Dacie and Lewis, 1968) lend further
support to the conclusion that the survival curves are an accurate
reflection of erythrocyte life-span during acute fowl typhoid.
Crythroclasis during this infection is very rapid
and predominantly extra-vascular. This is indicated by the absence
of any increase in plasma haemoglobin and measurements of radio¬
activity of most of the infected animals had also not shown any
significant deviation from the background activity. Moreover, in
the few infected chickens which had shown slight increases in plasma
51
radioactivity, the levels rose very slowly, suggesting that Cr
is liberated into the plasma only after the labelled erythrocytes
have been trapped in the RSS. In addition, organ radioactivity
measurements (Table 21) after post-mortern, confirm the earlier
conclusion that the organs of the RSS are the main depositories and
event\ial destroyers of the injured and sensitised erythrocytes during
this infection (Chapters II -\nd III). For instance. Table 21
shows that over 70 per cent of the total injected radioactivity
was estimated to be localised in the spleen and liver alone. Cach
of these organs seems to have destroyed proportionately equal
amounts/
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amounts of labelled colli, although the spleen, if i u; tctal
radioactivity is related to the activity per unit v.et '..eight,
.ay oe the more important organ.
It has also boon «u us ted earlier that the .01:10 ia
of fowl typhoid lay be initiated primarily by the sensitization of
the erythrocytes rather than by any >ossibie stimulation of the
(Chapters II and III), However, tho behaviour of normal,
homologous erythrocytes in infected chickens seams to contrd.dict
this assumption, in that nor- sal cell j are rapidly destroyed in
these animals (Fig,31). Nevertheless, the strong ossibility
exists that these cells do in fact become sensitized in-vivo
after being transferred to their new host, 'hi.:, ro .- inr undeter¬
mined, but ti is possibility is substantiated by the finding th t
chicken transfused with normal erythrocytes lass than 24 hours before
death could only destroy about a third of the labelled cells. In
contrast, lass than IO per cent of the total i jected labelled
cells still remained when the animals ore transfused with nor ,&l
erythrocytes 2 or 3 days before death. This suggests that, in
tills instece, the cdls have had sufficient time to be sensitised
in-vivo and were therefore subsequently more rapidly eli in.;.ted,
o.vever, the possibility exists t? t the greater destruction of
labelled erythrocytes may be a direct consequence of their prolonged
association with, possibly, a hyperactive RES, As a corollary to
these findings, m-vivo sensitised cells taken from infected chickens
and injected into normal chickens, were also ra.idly cleared (Fig-
35), This clearly indicated that . k hyperactivity cannot be an
initiating factor. These res tits clearly show that it is the
erythrocyte sensitia ,tion which is the primary initiating pathogenic
factor/
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factor in the haemolytic syndrome.
The finding that in-vivo Type III erythrocytes (that
is, cells sensitized v/ith immune globulins) were rapidly cleared was
also contrary to what might have been expected from the reports
of Lout it ( 1946), Mollison and Patterson (1949) and (jindsey,
Donaldson and "oodruff (1966). These workers produced evidence to
show that the presence of incomplete antibody on the surface of
erythrocyte was not a sufficient condition for shortened cell survival
and indeed, it may have a protective function (Thomas, 1964).
The pathogenic mechanism suggested above for the
induction of anaemia of t is infection is supported by subsequent
in-vitro experiments in which injection of erythrocytes, maximally
sensitized with ".a11inarum LPS, into normal chickens also resulted
in their rapid destruction (Fig.36), indicating clearly that, at least
the pr sence of bacterial oolysaccharide on the erythrocyte surface
is a sufficient condition for its rapid destruction. The obser¬
vations by Ceppellini and De Gregorio (1953) and Shumway, iokken-
heuser, Pollock an(3 Neter ( 1963) of decreased survivals in rabbits
injected v/ith Vi and typhoid-O antigen-sensitized erythrocytes, supp¬
ort t is conclusion. Furthermore, it was found that even though
tra. afused, autologous, minimal ly sensitized cells were eliminated
at a "ignificant 1y lower rate than maximally sensitized cells, the
rate of destruction v/as still significantly faster as compared with
that of normal or sham sensitized erythrocytes. These obs rvations
are in agreement with the demonstration that erythrocytes whose
surface has been physically or chemically altered in-vivo are
rapidly phagocytosed by the RKS when injected intravenously (Miescher,
1957; Jandl and rimmons, 1957; Mollison, 1962; Crome and Mollison
1964; Azen and Shilling, 1964; Ultman and Gordon, 1965; Kimber
Lander/
Lander and Robson, 1965).
A further indication of the mechanism of the
haemolytic anaemia of this infection, was obtained by the observ¬
ation that when maxima 11 y sensitized erythrocytes were auto-
transfused into primed (specifically immune) chickens, they were near
all eliminated within minutes (Fig.37), and the survivin ; radio-
act ivi ty was found to be mainly present in the plasma. This
finding, coupled with the demonstration that autologous erythrocytes
carrying the specific bacterial polysaccharide antigen are very
rapidly eliminated from the circulation dn the injection of homologous
bacterial antibody (Figs.39 and 40 and Table 20), strongly indicated
that the haemolytic episode associated with acute fowl typhoid is
mediated by a specific immune mechanism. The results clearly
establish that the fixation of salmonella polysaccharide by the
erythrocytes during infection changes their surface in such a way
as to greatly increase their rate of sequestration; and the
subsequent active production of specific bacterial antibody enhances
still further the rate of elimination of these in-vivo sensitized
cells from the circulation. The eventual fate of the sequestered
erythrocytes is their destruction by the RSS —— the cumulative
outcome of all adverse physico-chemical changes in the erythrocyte
surface (Rifkind, 1966; Leddy, 1966) —— and in this instance,
initiated by surface immunological reactions.
Therefore the present findings, in contrast to
earlier observations of Biozzi and Stiffel (1962), and Biozzi
(1968 - Personal communication), conclusively support the hypothesis
that opsonin-promoted erythrophagocytosis plays a most significant
part /
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part in the rapid destruction of erythrocytes sensitized with
bacterial antigens in-vivo, and hence, the haemolytic anaemia of
this infection. This mechanism may also apply to haemolytic
episodes observed during other gram-negative bacterial infections.
Indeed, the above hypothesis is in agreement with the observation
that immune, natural hetero-and iso-antibodies greatly increase the
rate of destruction of both heterologous and homologous erythro¬
cytes intravenously injected (Halpern, Qiozzi, Qenacerraf and
Stiffel, 1957; Benacerraf et al.. 1957; Hughes-Jones, Mollison
and Veal 1, 19 7; J. ldl and Tomlinson, 1958; Cutbush and Mollison,
1958; Cutler, 1961; Mollison, 1961; 1962; Mollison and Hughes-
Jones, 1967).
The results of radiochromium experiments discussed
so far have shown that a reasonably accurate estimate of the
intensity and nature of the haemolytic process can be made with some
degree of certainty. Nevertheless, a more complete appreciation of
the phenomenon of abnormal disappearance of isotope from the
circulation of the treated animals, and the pattern of erythrocyte
destruction, depends on the quantitative stidy of organ sites of
isotope deposition. As Table 21 shows, the main conclusion to be
drawn from the organ activity distribution studies is that the rate
and pattern of erythrocyte destruction are directly dependent on
the degree of sensitization; increased activity and physical
architecture of the R IS may only have been secondarily involved.
Thus, hepatic sequestration generally involved the groslly
agglutinated erythrocytes, where maximally sensitized erythrocytes
were either inoculated into immune animals or were injected into
normal/
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normal animals and afterwards passively challenged with specific
antibody. On the other hand, erythrocytes v/hose surfaces have
been altered by either olysaccharide alone, or in association
with non-agglutinating, incomplete antibodies, are preferentially
filtered by the spleen. These potentially agglutinable cells
(for example, maximally or minimally sensitized erythrocytes
transfused into normal chickens) are eliminated relatively slowly
as compared to antibody mediate I clearance, and the spleen was
invariably shown to be the main organ for destruction of these
cells.
This characteristic pattern of organ radio ctivity
distribution and cell destruction may be explained by the reports
of Jandl (1955), Hughes-Jones, Mollison and Veall (1957), Cutbush
and Mollison (1958), Mollison and Hughes-Jones (1958) and Mollison
(1962) who, using different experimental animal models, demonstrated
that strongly agglutinated erythrocytes are rapidly removed mainly
by the liver, whereas thinly-coated (incomplete antibody) non-agglut¬
inated erythrocytes ar.: sequestered comparatively slowly, and
predominantly in the spleen.
Another important observation made in this study
was the fact that survival curves of some of the clearance studies
could be resolved into 2 com onents. For example, maximally
sensitized erythrocytes, auto-transfused into normal or immune
chickens, were found to be eliminated at two different rates —— a
fast and a slow component (Figs.36 and 37). There was, however,
direct evidence, particularly from plasma radioactivity and
haemoglobin measurements, that the longer surviving component
51
was mainly due to Cr elution from the erythrocytes. On the
o ther/
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other hand, the two component curves obtained when either Type II
or III in-vivo sensitized cells from infected animals were trans¬
fused into normal chickens, appeared to indicate the presence of
two populations of cells with different survival rates (Fig.35),
This conclusion is supported by the findin s that no plasma haemo¬
globin (haemolysis) was visible, and neither was any plasma
radioactivity detectable at the crucial point where the 2
component-curves meet. Thus, the shorter surviving curve (with a
mean cell-life of 4 days and maximum life-span of 6 days) may
probably represent the clearance of in-vivo 'maximally* sensitized
erythrocytes, whilst the longer surviving curve (with a maximum
life-span of 28 days) may represent the clearance of non-sensitized
erythrocytes (reticulocytes).
The suggestion that the two-component curves may he
characteristic of haemolytic anaemias with intra-corruscular defects
(Dacie and Lewis, 1968) is supported by the finding that human
patients with sickle-cell anaemia constantly exhibit this type of
survival curve (Callender, Nickel, Moore and Powell, 1949; Singer
and Fisher, 1952). However, the results of experiments in this study,
where the clearance of small and 1 ti'ge doses of in-vitro sensitized
erythrocytes was determined (Fig. 39 and Table 20) indicate that
one of the causes of the two-component curves may be 'exhaustion' of
antibody as well as the uneven distribution of the sensitizing
polysaccharide within the injected erythrocyte population. To obtain
further evidence in support of this hypothesis, clearance studies
involving two successive injections of specific antibody, after
transfusion of a fairly large dose of labelled, maximally sensi¬
tized cells, were performed. The results clearly demons trate that
two/
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two-component curves can be produced by exhaustion of specific
antibody (Fig.40). They indicate, furthermore, that the degree
of erythrocyte sensitization can influence the pattern of the
survival curves.
Therefore, the finding that the elimination curves
of some of these haemolytic episodes have two components has
contributed to the elucidation of the mechanism of anaemia of fowl
typhoid and also indicated that haemolysis is extra-vascular.
In preliminary experiments on in-vivo erythrocyte
sensitization, reported later (Chapter VII), it was observed
that a large dose of endotoxin, administered intravenously into
normal chickens, induces erythrocyte sensitization in-vivo. It
was also observed that sensitization could still be demonstrated
up to 4 or 5 days after endotoxin injection, then a rapid
elimination v/as observed to occur. This final cell destruction was
such that a severe anaemia developed. The nature of the in-vivo
sensitization and the timing of the appearance of specific
haemagglutinating antibodies suggested that this episode of rapid
clearance of cells may be due to antibody activity induced by the
injected endotoxin. It was therefore decided to study this
phenomenon, using radiochroraium. The results, depicted in Fig.38,
support the hypothesis that the anaemia which develops after
endotoxin injection is haemolytic and that the mechanism may have
an immunologic factor. This is supported by the observation that
the anaemia developed at precisely the time when specific anti-
polysaccharide antibodies appeared in the circulation. Prior to
this critical period, in-vivo sensitization of erythrocytes was
readily/
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readily demonstrable, but soon after this period, sensitization
*
was no longer detectable. The suggestion here is that the
subsequent in-vivo combination of sensitized erythrocytes with the
induced antibody accelerated their rate of elimination and
destruction by the RES. This conclusion is supported by the
findings that none of the animals developed observable intra¬
vascular haemolysis, and animals injected with the same large dose
of endotoxin 6 or 24 hours before injection of labelled cells did
not exhibit any significant shortening of erythrocyte curve s (Fig.
38). These observations are at variance with the suggestion that
non-specific increase in RES activity accounts for this type of
haemolytic anaemia (Ho and Kass, 1958).
These are very interesting and striking observations,
and the possibility that this type of immune hae olysis could serve
as an ideal experimental model for the study of anaemia, especially
of gram-negative bacterial infections, warranted further tudies.
The results of such experiments are embodied in Chapter VII.
In view of the earlier suggestion by Buxton ( 1959 a)
that during acute fowl typhoid the erythrocytes are only partially
sensitized in-vivo, the present finding that in-vivo Types II and III
sensitized cells are destroyed very rapidly in normal c ickens is
surprising and very significant. This striking observation suggests
that in-vivo sensitization caused more severe damage to the
erythrocytes than has previously been imagined, and clearly indicates
that the cells cannot be in a state of partial sensitization as
suggested by Buxton ( 1959<l). The sensitized cells, recovered from
infected animals, may consist of either a mixed cell population
of 'maximally' or heavily sensitised orythrocytes and reticulocytes,
or/
or a mixed population of cells showing varying degrees of
sensitization, of which the maximally sensitized numbers have been
eliminated, leaving only the partially sensitized cells to be
detected. In support of these assumptions is this significant
observation: when autologous erythrocytes, with minimal amounts
of polysaccharide on their surface, were transfused into immune
chickens, they were not rapidly cleared (Fig.37). Erythrocyte
survival was only moderately altered as compared with sham-sensi¬
tized cells, and there was even not much difference in the rates
of clearance of such cells in either immune or non-immune animals
(Figs.36 and 37). However, the possibility exists that a more
rapid elution of polysaccharide in the circulation may have occurred
in this system. Nevertheless, observations of clearance rates of
such cells in immune animals and in normal animals later challenged
with homologous antibody (Fig.39C), make this latter possibility
highly unlikely.
Evidently, if in-vivo sensitization was partial as
has been suggested (Buxton, 1959 a) then it would be hard to
understand how rapid antibody-mediated destruction of in-vivo
altered erythrocytes could account for the anaemia of this infection,
as has been postulated in the present studies —— unless RES
hyperactivity plays a more direct and active role than the present
results seem to indicate.
The thesis that the cell population of in-vivo
sensitized erythrocytes taken from infected animals may be hetero¬
geneous with respect to the sensitizing factors —— due probably
to uneven quantitative distribution of specific polysaccharide ——-
was experimentally tested in the following Chapter (VI).
CHATTER VI
IN-VIVO ERYTHROCYTE TH ITIZATION : EVIDENCE
FOR HETEROGENEITY OF THE ERYTHROCYTE POPULATION
INTRODUCTION
Investigations in previous chapters have shown that
a severe anaemia is an important feature of fowl typhoid infection
and that this coincides with a serologically detectable alteration
of the erythrocyte surface. It has therefore been proposed that
this sensitization leads to the immune elimination of the
erythrocytes, thus giving rise to the anaemia. Subsequent
radioisotopic studies indicated that an essential prerequisite
of rapid immune clearance was that it was necessary for the cells
to be heavily (that is, maximally) sensitized, as it was found that
partially sensitized cells were only eliminated slightly more
rapidly than normal, non-sensitized erythrocytes. It was, however,
difficult to reconcile this observation with the finding that
in-vivo sensitized cells were only detectable by an antiglobulin
haemagglutination procedure which therefore suggested that these
cells were only partially or minimally sensitized.
One possible explanation of this anomaly was that
two populations of cells existed :
(1) heavily sensitized cells present in low numbers as
a consequence of rapid clearance, and
(2) a larger population of normal, unsensitized
erythrocytes (probably reticulocytes). Such a heterogeneous cell
population/
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population would thus account for the weak haemagglutinating
activity. This hypothesis is, however, at variance with the
suggestion of Buxton (1959a) that such cells are partially
and uniformly sensitized.
Another possibility v/as that varying degrees of
erythrocyte sensitization occurred and that all maximally
sensitized erythrocytes were rapidly removed, leaving only the
partially sensitized cells in the circulation. This would
account for the weakly positive ICT. According to this
hypothesis then, al1 the recovered cell population would be
sensitized, whereas in the first only a proportion would be in
this state.
The studies presented in this chapter were
therefore designed to investigate the validity of the hypotheses
of fered,above.
MAT TRIALS AMD METHODS
Hyperimmune serum: Hyperimmune anti-S.gal1inarum -0 serum
was produced in adult chickens by multiple injections of heat-
killed organisms (6 minutes at 100°C).
Indirect Antiglobulin Haemagglutination test (ICT) and
Haema ; lu t inat ion (HA) Test: The techniques of these tests were
as described previously (Chapters II and III). Chicken erythro¬
cytes were sensitized with alkali-treated 1ipo-polysaccharide
(LPS), and the methods of alkali-treatment and erythrocyte
sensitization have also been described earlier.
Macroscopic Examination of Haemaaulutination Patterns: The
haemagglutinating patterns of mixed population of erythrocytes,
consisting/
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consisting of various proportions of in-vitro maximally-
sensitized and non-sensiiized (normal) eel 1s, and obtained with
the ICT and HA test, were examined by gross visual inspection.
Approximately 1 ml. of washed, packed normal
chicken erythrocytes were maximally sensitized in-vitro with
alkali-treated LPS. After washing, a 2 per cent suspension in
saline was made up; the same percentage saline suspension of
normal erythrocytes was also made up. Then the two cell
suspensions were mixed in various proportions, and equal amounts
(0.2 ml.) of each mixed cell suspension were titrated against
serially diluted homologous hyperimmune serim in an ICT.
The anti-chicken Y- globulin serum was used at a standard dilution
of 1:30.
Microscopic Examination of Haemagnlutination Patterns: Preliminary
experiments showed that a mixed population of erythrocytes,
consisting of between 92 and 94 per cent of normal cells and 6
and 8 per cent of maximally sensitized erythrocytes, gave the
same range of positive ICT titres as usually obtained with in-vivo
sensitized erythrocytes taken from chickens infected with acute
fowl typhoid.
>v These cells were taken and then subjected to
hae agglutination (HA) test. All were negative, and the HA
'buttons' in the first few tubes were gently washed, once, in
saline. After re-suspension in saline, a wet p eparation of a
small amount of this was nounted for microscopic examination
and for photography.
Similar wet slide films of the following cell




(i) In-vitro minimally sensitized erythrocytes.
(ii) In-vitro maximally sensitized erythrocytes.
(iii) Control, non-sensitized (normal) erythrocytes,
(iv) In-vivo Type II sensitized erythrocytes, recovered from
S.gal1inarnm infected chickens.
CIectrophoretic examination of Mixed Population of erythrocytes:
The technique for the determination of electrophoretic mobility
of erythrocytes has been fully described earlier (Chapter IV").
Various preliminary studies were conducted with
different concentrations of sucrose, pH, sodium-potassium buffer
and percentages of erythrocyte suspension, with the object of
establishing ideal conditions for electrophoretic separation
of sensitized and non-sensitized cells. Such separation will
enable visual examination and subsequent measurement of the
mobility of the different cell population to be made.
The results of such experiments showed that the
best conditions for the electrophoretic separation of a mixed
(50:50) erythrocyte population was in a 20 per cent sucrose-
buffer, with a pH of 7.4.
electrophoretic mobility analyses were subsequently
carried out using these cell preparations:
(i) Equal amounts (50:50) of maximally sensitised and
normal erythrocytes were mixed together and suspension of 2.5;
5; and 10 per cent in 20 per cent sucrose-buffer were then
electrophoresed.
(ii) Equal amounts of minimally sensitized and normal cells




(iii) 5 per cent suspension of normal and maximally
sensitized erythrocytes, which had been combined in a proportion
of 92 and 8 per cent respectively,—— the adjusted mixed cell
ratio which gives approximately the same ICT titre as obtained
with in-vivo sensitized erythrocytes taken from infected chickens
was e1ectrophoresed suspended in 20 per cent sucrose-buffer.
{iv) 5 per cent suspensions in 20 per cent sucroBe-buffer
in-vivo Types II and III sensitized erythrocytes were also
elec trophore sed.
The sucrose-buffer was used both to wash and
suspend the cell preparations for electrophoresis.
The mean values of both the electrophoretic
velocity and mobility for each preparation were determined.
Terminology: Preliminary experiments indicated that once a
critical proportion of the erythrocyte LPS-receptor sites had
been occupied by LPS molecules, and depending on the potency
of the homologous antiserum, haemagglutination readily occurs
when sensitized cells and the antibody are reacted together.
i, /
Similar observations have been made by Luderitz, - estphal,
ievers, Kroger, Neter and Braun (1958) and Bokkenheuser and
Koornhof (1959). For instance, the former authors demonstrated
that even though approximately 100, OO molecules of col i
alkali-treated LPS were needed to maximally sensitize each single
erythrocyte, fixation of only 5,OOO molecules suffices for
positive haernagglut inat ion (HA).
Therefore, when in the following studies it is
sugge s ted/
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suggested that a portion of the in-vivo sensitized cells taken
from infected animals la 'maximally* sensitized, it will not
imply the total occupation of all the LPS - receptor sites by
the sensitizing LPS molecules. The term is used here simply to
denote erythrocyte adsorption of a sufficient quantity of LP."
w ich would suffice for positive direct HA.
(1) Se,ifit,iY9, Pflnsi,tivgty of ICT apcl flA Tost in ,thu 'ptecUp" pf
Hixed Populations of Erythrocytes:
The inability of the HA test, visually, to delect
the presence of maximally sensitized cells below a certain level
in a mixed population with normal, non-sensitized erythrocytes is
shown in Pig,41, Clearly, when the ratio of sensitised to
normal cells is decreased below 1 to 9 respectively, the HA test
is incapable, macrosscopically, of de onstrating the presence of
the sensi ized ceils.
Maximally sensitized and normal erythrocytes; in a
ratio of 8 to 92 respectively had been found to give approximately
the same ICT titre as in-vivo sensitized cells taken from
infected animals. When this mixed population of cells was
subjected to the HA test and examined visually, no agglutination
could be detected. However, the ICT gave positive reactions
to mixed cell populations consisting of maximally and non-
sensitized cells in a proportion as low as 1 in 39 res actively
(Fig.41). Nevertheless, even though the ICT can visually
demonstrate general sensitization to that extent, it cannot
di s t inp.vish/

























distinguish or differentiate between maximal and minimal degrees
of sensitization by simple macroscopic examination. The ICT
even has a restricted sensitivity visually, since no agglutination
was observed when the proportion of maximally sensitized to
normal cells was less than 1 to 49 respectively.
(2) Microscopic Evidence for Heterogeneity amongst Srythrocyte
Population:
(i) -evidence from ^n-vLtipa Sensitized Erythrocytes: After the
failure, visually, by the HA test to detect the 8 per cent
maximally sensitized cells in a mixed population with 92 per cent
normal cells (that is, the cell mixtures adjusted to give IGT
titre comparable to in-vivo sensitized cells), the same mixture
was examined microscopically after being reacted with homologous
antiserum. The photomicrograph of a wet preparation of such
cells is shown in Fig.42. As suspected, clumps of agglutinated
erythrocytes were seen scattered throughout the wot preparation.
The agglutinates were rather small, and not as big as those
examined after maximally sensitized cells were incubated with
homologous antiserum (Fig.43). There are clear distinguishing
differences between these two preparations. For example, where
only maximally sensitized cells were examined after agglutination,
only a few individual cells were left unagglutinated; the whole
preparation consisted of large clumps of agglutinates. In
contrast, with the mixed-cell preparation, substantial numbers of
small agglutinates, dispersed amongst numerous unagglutinated
single cells, could be clearly distinguished.
In direct contrast to the above observations, cells
which/
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FIGURE 42. Photomicrograph of a wet film of ; .future- of normal
and in-vitro maximally sens! t izo. j ryt nr ■ cytics in a
ratio of 92;8 reap., after reaction with homologous
anti serun. Several clumps of .3;..a 11 ag;; lutinates of
erythrocytes dispersed amongst numerous unagglutittated,
single cells. X 185 approx.
dlGelid 43. Photomicrograph of a wet film of in-vi tro maximally
sensitized erythrocytes after being subjected to IlA
test. There are large clumps of haemagglutinates
a:.d few individual erythrocytes.
X65 approx.
which had been either sham-sensitized or sensitized minimally
with LPS, did not exhibit any agglutination after being incubated
with homologous antibody (Figs,45 and 44 respectively). However,
the suspension of minimally sensitized cells showed a slightly
greater clumping than the sham-sensitized cells (Fig.44),
suggesting that, in fact, there was some degree of weak
agglutination occurring. This appeared to affect all cells
to the same extent.
(ii) Evidence from in-vivo Sensitized Erythrocytes: Erythrocytes
sensitized in-vivo were obtained from infected chickens after
detection with ICT in the standard manner. hen such cells ware
incubated in homologous antiserum (HA test) agglutination coiild be
demonstrated microscopically (Fig.46). On gross visual inspection
after reacting with S.gal1inarum antiserum, these erythrocytes
did not appear to be agglutinated by the antiserum, but micro¬
scopic examination showed sizeable clumps of agglutinates
scattered throughout the preparation. The agglutinates were,
however, relatively smaller; apparently not so many erythrocytes
were involved in positive haemagglutination as those agglutinates
described above for cell populations involving larger amounts of
in-vitro maximally sensitized cells.
However, the striking similarities of pattern of
agglutination and sizes of agglutinate observed between cell
mixtures adjusted to give an ICT titre comparable with in-vivo
sensitized cells (8:92) strongly suggest that the in-vivo sensi¬
tized erythrocytes taken from infected chickens are heterogeneous.
( 3 ) Evidence based on llecirophoretic 'fobility Studies :




: GU.IE 44. Photomicrograph of a wet film of in-vitro minimally
sensitized erythrocytes after incubation with
homologous antibody. i o obvious agglutinates
present, but slight clumping may indicate some
degree of weak agglutination, affecting all erythro¬




















































:body . bsence of haemsgglutination.
"185 approx.
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FIGURE 46, Photomicrograph of a wet film
of erythrocytes taken from
S.gallinarum infected chicken
after being incubated in
homologous antiserum. (The
cells had previously been shown
to be Type II sensitized
erythrocytes). Heterogeneity is
demonstrated by the presence of





( i) dlectrophoretic Separation of Mixed-Population of in-vitro
Sensitized and Non-sensitized Erythrocytes: Results of
preliminary studies showed that maximally sensitized and non-
sensitized erythrocytes, oixed in various proportions, could be
electrophoretically separated into two distinct columns of differing
mobility which enables their respective mobility values to be
determined with comparative ease.
It was found that electrophoresis of a 2.5 per
cent suspension of equal amounts of normal and maximally sensitized
erythrocytes (50:50) in 20 per cent sucrose-buffer did not result
in obvious visible separation of the different cell populations.
However, when either 5 oi 10 per cent mixed sus ension of these two
different cell preparations was electrophoresed tinder the same
conditions as above, a clear demarcation between the cell populations
was observed : a slot'/ and a fast moving cell column. The mean
electrophoretic velocity for the slow-moving column was estimated
to be 16.6 mm. per hour, with a corresponding mean electrophoretic
mobility of 0.49p/sec./volt/cm. The corres onding electrophoretic
velocity and mobility values for the fast-moving cell column were
also determined to be 31.6 mm. p.r hour and 1,03p/sec./vo1t/cm.
res pec tively.
Comparison of the above values with the electrophoretic
values obtained for maximally sensitized and normal erythrocytes
(Table 22) lead to the conclusion that the elow-moving column
consisted mainly of maximally sensitized cells, whereas the fast-
moving column was made up of non-sensitized (normal) erythrocytes.
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mixtures, consisting of maximally sensitized and normal erythrocytes
and adjusted to give ICT titre comparable to in-vivo sensitized
cells (8:92), were electrophoresed, two distinct migrating cell
columns were observed. The mobility of the slow-moving cell
column, which probably consisted mainly of maximally sensitized
cells, had approximately the same valtie (0,47p/sec ./vol t/cm. ) as
the value obtained for maximany sensitized cells alone (0.48p/sec./
volt/cm.) (Table 22). The fast-moving column had, significantly,
the same mobility (1.02p/sec./volt/cm.) as the value obtained for
normal cells (1.03p/sec./volt/cm.).
In direct contrast, when minimally sensitized and
normal cells were mixed in equal proportions (50:50) and the same
range of suspensions in sucrose-buffer as used for maximally
sensitized cells above, subsequent electrophoresis did not result
in the separation of the different cell preparations. The mean
electrophoretic mobility of this mixed cell population (l.Olp/sec./
volt/cm.) was only slightly different from the mean value obtained
for normal erythrocytes (1,03p/sec./volt/cm.)(Table 22).
(ii) lectrophoresis of Sensitized Erythrocytes obtained from
Infected Thickens: It was found that erythrocytes obtained from
infected chickens,and giving positive ICT on electrophoresis, again
separated with two distinct columns which appeared identical to the
result achieved using a mixed cell population of maximally sensi¬
tized and normal erythrocytes (8:92). The mobilities of the
slow-moving cell columns were very significantly decreased as
compared to the normal cell values (Table 22). The fast moving
column was also observed to have a slightly lower mobility than
normal/
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normal cells, but this discrepancy was considered insignificant if
it is noted that generally, lower values were obtained throughout
the present studies than in previous studies (Chapter IV). The
lov/er e 1 ec t rophore t i c values may be due to the doubling of the
concentration of the sucrose solution, and hence, the proportional
increase in the ionic strength of the sucrose-buffer solution.
An additional electrophoretic finding was the
significantly lov/er mobility values obtained for the slow-moving
cell column when in-vivo Type III sensitized cells were electro-
phoresed: 0.49 + O.Olop/sec./vo1t/cm., as compared with a
corresponding value of O.52 + 0.02Sp/sec./volt/cm. for in-vivo
Type II sensitized cells (Table 22).
The results of these electrophoretic mobility
experiments offer strong, direct evidence in favour of the suggestion
of heterogeneity of the in-vivo sensitized cells. The electro-
phoretic separation of these cells into two colums with differert
mobility values has enabled their probable identities to be
e s tablished.
DISCUSSION
Serologic, microscopic and e1ectrophoretic evidence
presented here are clearly in agreement with the hypothesis that
erythrocytes, recovered from chickens injected with acute fowl
typhoid, may in fact be heterogeneous v/ith respect to the quantity
of the sensitizing bacterial polysaccharide. These cells may be
a mixture of non-sensitized cells (probably reticulocytes) and a
minority of cells which are either 'maximally' or heavily sensitized
to/
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to give a positive direct haemagglutination with the homologous
antibody.
The present observations are clearly at variance with
the earlier conclusions of 3uxtan (1959a), This author had
inferred that in-vivo sensitization had only occurred to a partial
extent during fowl typhoid because sensitization of erythrocytes
could only be detected by an antiglobulin haernagglut ination test
(ICT) and not by a direct haemagglutination (HA) test. The
implications of this conclusion, which have also been made by Young
and colleagues (Young et al„ 1962) in their studies on infantile
diarrhoea, are th t in-vivo erythrocyte sensitization involved
minimal or small quantities of adsorbed polysaccharide, end that
sensitization was uniformly spread throughout the recovered
erythrocyte population. The evidence obtained from the present
study clearly does not support these assumptions. The inability of
the ICT to c i *.ierentiate between maximal and minimal (partial)
degrees cf ensitization is clearly shov/n by Fig.41.
1
Macroscopica lly. the direct HA test is very insensitive,
and cannot detect the presence of maximally sensitized cells below
a certain threshold in a mixed population with non-sensitized cells
(Fig.il). However, the ICT is relatively more sensitive than the
HA test,but even this test has been found to have a restricted
sensitivity. Thus, Ceppellini and Pa Jre :orio (19 53), using the
ICT, observed that erythrocytes, maximally sensitized with Vi-
antigen, survived for only 28 hours in non-immune rabbits. And
when Buxton (I960) withdrew nearly a third of the total blood
volumo each from a group of normal chickens, and maximally sensi¬
tized the erythrocytes with S , gal 1 inarxtm LPS, and then re-transfused
them/
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them into the original animals, he could detect no trace of these
sensitized cells 30 minutes after re-inoculation by using the
following tests: the ICT; a double-antiglobulin haemagglutination
test; and a mixed antiglobulin haemagglutination test, similar to
the one described by Jones and Silver (1958). However, results
of radiochroniurn-lahel 1 ing studies (Chapter V) have demonstrated
clearly that maximally sensitized cells could still be detected 4
to 6 days after auto-tiansfusion into normal animals. And recently,
Shumway (1964) had found that detection of maximally sensitized
erythrocytes, with typhoid 0-antigen could be achieved with
Mollisons' direct differential agglutination method (Mollison,
1967) only when the proportion of sensitized to normal erythrocytes
was not less than 1 to 20 respectively.
The suggestion that in-vivo erythrocyte sensitization
is "maximal", and that some of these cells would be recovered with
the reticulocytes at the critical time of sampling for sensitization
determination is again amply supported by the following observations:
When the washed erythrocytes from the infected animal were reacted
with S.gal 1inarum antiserum no agglutination was discernible on gross
visual examination. However, examined microscopica lly, si zeable
agglutinates could be seen scattered throughout the v/et preparation
(Fig.46). Similar observations were recorded when in-vitro
maximally and normal cells ——- mixed in a ratio (8:92 respectively)
to give the same ICT titre as normally determined for in-vivo
sensitized cells ——- were also examined microscopically (Fig.42).
Thus, visually the HA test could not detect the presence of these
maximally sensitized cells; microscopically, however, it demonstrates
that/
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that the cells are more than partially sensitized, and may even be
maximally sensitized in-vivo. The ICT can visually demonstrate
the presence of in-vivo sensitization, but its previous use has not
been of value in demonstrating the extent and the quantitative
degree to which the cells are sensitized in-vivo.
Previous indirect evidence indicating that in-vivo
sensitization may involve erythrocyte adsorption of much greater
quantities of bacterial LPS sufficient to give a positive HA
than has hitherto been considered to occur, was the highly
significant observation made during the immunofluorescent studies
recorded in Chapter IV. Under the fluorescent microscope, the
minimally sensitized cells were seen as a collection of numerous
individual erythrocytes, with a few or no fluorescent agglutinates
present (Fig,28). This uniform, homogeneous fluorescence of
minimally sensitized cells was in direct contrast to the slightly
heterogeneous fluorescent agglutinates observed when wet preparations
In-vivo sensitized cells were examined. These cells exhibited
a combination of few individual cells with sharp, clear outlines,
and numerous, but relatively small, fluorescent agglutinates, also
with well-defined outlines (Fig.31). These observations probably
indicated that the in-vivo sensitized cells had adsorbed much greater
amounts of specific polysaccharide than previously believed
certainly much greater than minimal amounts.
Again, in Chapter IV, it was shown that the presence
of LPS on the surface of the erythrocyte greatly reduced its
electrophoretic mobility. The results of the present electro-
phoretic studies have also demonstrated that the erythrocyte population
extracted from the infected animal at the peak of hae olytic crisis,
and also serologically shown to be sensitized in-vivo, is electro-
phore tically/
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electrophoretically heterogeneous (Table 22). Two distinct
migrating cell columns of different mobilities, could easily be
discerned. Estimation of the electrophoretic mobilities of these
two columns clearly indicates that the slow and fast moving cell
columns consist, respectively, of "maximally" and non-sensitized
erythrocytes. This conclusion is supported by the finding of iden¬
tical electrophoretic mobility values obtained for in-vitro maxim¬
ally sensitized and normal erythrocytes, which had been previously
mixed in a ratio of 8 to 92 respectively. In direct contrast,
when minimally sensitized and normal cells were mixed, even in ->
equal proportions, and then electrophoresed, no separation of the
different cell preparations could be achieved. The mean electro-
phoretic mobility was not even significantly different from the value
for the normal cell (Table 22), and the mobility value for wholly
minimally sensitized cells was still below the combined value of
in-vivo sensitized cells (Chapter IV). These result; offer another
convincing evidence in support of the contention that during acute
fowl typhoid the erythrocytes adsorb sufficient quantities of bact¬
erial polysaccharide to be directly agglutinated by homologous
antibodies.
The results of the experiments recorded herein clearly
demonstrate that, contrary to the earlier assumption of homogeneity
and the partial extent of in-vivo sensitization, these cells are in
fact heterogeneous with respect to the coating 1ipo-polysaccharide.
It is suggested that a proportion of the extracted or recovered
cells may be adequately or "maximally" sensitized. It is concluded
that the latter cells are the remaining sensitized cells which persist
in the circulation after the greater part of them had been eliminated,
and rapidly destroyed during the short period of acute haemolytic
crisis;/
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cri is: a process greatly enhanced by the appearance of opsonising
antibodies. It is also suggested that a a result of the
inevitable mixing in the circulation of these two different cell
populations, subsequent visual, or macroscopic detection of the
in-vivo erythrocyte sensitization is possible only by the use of the
indirect antiglobulin haemagglutination test (ICT). Microscopically,
in-vivo sensitization can be demonstrated with the direct HA test,
indicating the probable "maximum" extent to which in-vivo
sensitization occurs during acute fowl typhoid. In any case, for
the erythrocytes to be rapidly destroyed, and therefore to account
for the anaemia associated with this infection, they probably have
to be "maximally" sensitized. Indeed Shumway, Bokkenheuser,
Pollock and Neter (1963) have shown that the rate of clearance of
sensitized erythrocytes is dependent upon the quantity of the
adsorbed polysaccharide. The above postulated mechanism for this
anaemia is supported by the finding that in both non-immune and
immune chickens the presence of minimal amounts of polysaccharide
on erythrocyte surface does not appreciably alter the erythrocyte
survival rate, even at a time when homologous antibodies, engendered
by these sensitized cells, had made their appearance in the
circulation (Chapter V). Indeed, in the previous chapter, hetero¬
geneity of the in-vivo sensitized cells had been demonstrated by the
51
finding that 70 per cent of the Cr labelled - in-vivo sensitized
cells were rapidly destroyed in a normal animal with a maximum cell
life of 6 days; the remaining 30 per cent survived normally, with
a maximum life-span of 28 days (Fig.35).
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CHAPTER VII
ERPERIA'lENTAL INDUCTION OF A HAEMJLYTIC ANAEMIA IN THE
CHICKEN WITH o.GALLINARUM LPS,
INTRODUCTIUN
Alterations in the numbers of circulating white
cells and platelets after injections of gram-negative bacterial
endotoxins (LPS) are well known (Thomas, 1954; Atkins, i960;
Braun and Landy, 1964; Zweifach and Janoff, 1966; Nowotny, 1969).
Corresponding changes in the red cells, however, have not been
clearly defined, and seems to vary from species to species.
Thus, the chicken shows a decrease in haematocrit (Jordan and
Hinshaw, 1964) instead of the commonly observed haemo-concentration
in the dog (Gilbert, I960; Kuida, Gilbert, Hinshaw, Brunson and
Visscher, 1961) and bovine (Penhale, 1965; Tikoff, Kuida and
Chiga, 1966). The monkey also shows a decrease in haematocrit
(Hinshaw, Jordan and Vick, 1961) but Braude, Carey and Zalesky
(1955) had found variable effects of E,coli LPS on the blood volume
and haematocrit of rabbits, with little change in the circulating
red cell volume, although leucopaeuia occurred.
Previous preliminary experiments (Chapter V) have
shown that in-vivo sensitization of erythrocytes with LPS is
possible in chickens, but a relatively large dose of LPS has to be
injected intravenously. Small amounts of LPS injected intra¬
venously into animals have little or no effect on erythrocytes, and
in fact, may be rapidly eliminated from the circulation (Braude
et al.. 1955; Rowley, Howard and Jenkin, 1956; Carey, Braude and
Zalesky, 1958;/
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Zalesky, 1958; Wiznitzer, Better, Rachlin, Atkins, Frank and Fine,
I960; Herring, Iierrion, Walker and Palmer, 1963). For instance,
2 mgm. doses of LPS injected intravenously into 2 week old chickens
hardly elicited any visible reactions (Cole and Boyd, 1965).
Indeed, the chicken has long been known to be outstandingly tolerant
to the toxic effects of LPS and can withstand unusually large doses
of this toxin without apparent ill-effects (Cameron and Rettger,
1934; Landy and Johnson, 1955; Smith and Thomas, 1956; Heilman
and Bart, 1964; Jordan and Hinshaw, 1964; Berczi, Bertok and
Bereznay, 1966; Truscott and Inniss, 1967).
It may well be that the phenomenon of in-vivo
sensitization, detectable so readily in the chicken, is dependent
upon this property of refractoriness which would permit the build
up of sufficient free LPS in the circulation to sensitize the
erythrocytes. In other species, on the other hand, the much greater
sensitivity to LPS may result in death before sufficient quantities
are available for sensitization to occur.
As far as the author is aware, conditions have not so
far been defined, experimentally, in any species whereby the injection
of LPS and homologou antibodies have led to a reproducible haemoiytic
syndrome. Therefore attempts have been made to induce a haemoiytic
anaemia in the chicken by the injection of graded doses of LPS, and
in some cases LPS together with subsequent passively administered
homologous antiserum, in an attempt to further elucidate the role of
both LPS and immunological mechanisms in the production of the
anaemias of the natural infection.
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MATERIAL AND ivlETIIODS
Animals: Over 80 ten-week old White-Link chickens, of mixed sex,
were used in these experiments. They were housed, fed and main¬
tained as described previously (Chapter II).
Preparation of LPS for injections: A large quantity of purified,
lyophilised westphal's 1ipo-polysaccharide (LPS) was prepared from
S.gal 1inarum bacteria by the method described previously (Chapter
III). It was accurately weighed and dissolved in a minimum of
known volume of sterile phosphate-saline (pH 7.2), in order to obtain
a standard of highly concentrated solution of LPS for all injections.
The prepared LPS solutions were distributed into smaller quantities
in bijou bottles and stored at -20°C until required.
i-'roduct ion of pecific Hyperimmune serum: Specific ant i -S. gal 1 inarum
LPS serum was produced in 3 ways and subsequently pooled:
(i) The procedure, previously described in Chapter V, was used,
except that doses of the heat-killed bacteria were administered
once, either intravenously or intramuscularly, to a number of adult
White-Link chickens. The animals were bled at the end of 12 to 14
days after injection. A few of these immunized animals were re-
immunized with varying doses of the killed bacteria, and Sera from
these animals were harvested by heart puncture, after being rested
for 5 to 7 days.
(ii) 1 ml. of heat-killed bacterial suspension, containing 4.5 x
9lO organisms per ml. and incorporated into complete Freund's
adjuvant, was inoculated into the two sites of the chest muscles;




(iii) A group of chronically infected chickens of the same breed
as used above 3 to 4 months after surviving sub-acute fowl
typhoid, and found to be clinically normal were inoculated
intramuscularly with different doses of the heat-killed d.gal 1 inarurn.
oera from these animals were harvested 6 to 9 days afterwards.
bera from all the above groups of immunized chickens
were pooled, the final haernagglut inating titre determined and then
stored until required.
Collection of Blood samples: Blood samples were collected and
assayed for alterations of the following parameters:
(i) Haemoglobin concentration
(ii) Packed cell volume (haematocrit)
(iii) Reticulocyte levels
(iv) In-vivo erythrocyte sensitization (Types II and III)
(v) specific antibody response for both haemagglut-
inating (HA) and antiglobulin HA antibodies.
The methods for assay of the first 4 parameters above
were the same as described previously (Chapter H). The fifth
parameter was, however, determined by the procedures outlined in
Chapter III.
The initial haematocrit values of individual chickens
used for some of the experiments varied greatly, and in order to
allow a direct comparison to be made between individuals, the
percentage change of each sample (H^_) compared with the mean of pre-
injection samples (Hq) was calculated as follows:




For the assay of specific O-antibodies in the samples
collected, individual serum samples were coded by a second party
and stored until later. At the end of all the experiments, the
antibody levels in the stored, coded sera were determined 'blind*,
fterwards, the sera were decoded, and titres were plotted as Log^
reciprocals of serum dilutions.
Clinical examination : The clinical signs after injection of a
single, lar^e dose and also after challenge of LPS-injected chickens
with homologous antiserum, were recorded. These included the
external appearance and observations on temperature and respiratory
responses.
experimental uesiun and Protocol : The immunological status of all
the chickens to be used were determined before the start of the
experiments. -elected animals, weighing between 8CG and 9<X) gms.
each, were then diviaed into 3 main groups.
Group I : Preliminary experiments conducted with groups of chickens
had shown that a single standard dose of 40 mgm. per Kgm body weight
of intravenously administered LPS was the maximum amount which
regularly sensitized the erythrocytes in-vivo; in addition, this
dosage did not produce any adverse clinical signs of endotoxin
shock. (This dose of LPS will hexiceforth be referred to as the
'sensitizing dose* C.D.),
About a dozen chickens were intravenously injected
with b.D. of LPS, and blood samples taken daily were assayed for
haematologic ana serologic changes; the other parameters examined
are enumerated above. An equal number of control chickens received
the same volume of sterile saline instead of LPS.
Group 11 :/
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Group II : The design of LPS injections in this group was such
that it simulated the conditions in the disease syndrome in terms
of periodic release of different amounts of LPS in-vivo. Therefore,
this group of animals was divided into 3 sub-groups, and given
various multiple sub-lethal doses of LPS as follows:
The first sub-group of animals received 10 mgm. of
LPS per Kgm. daily for 7 days, and then on each alternate day for
another 4 days.
The second and third sub-groups of animals received
20 mg. and 40 mg. per Kgm. of LPS respectively; The same schedule
as above was followed. However, the latter sub-group of animals,
initially, were given smaller doses on the first two days in order
to gradually introduce them to the subsequent larger doses.
Lach sub-group consisted of not less than a dozen
chickens, of which approximately a third were used for control
experiments. Control animals in this group received sterile saline
instead of LPS.
Group III : In all, 24 'UPS-injected1, and 5 1 saline-injected'
control, chickens were used for the demonstration of the effect of
passive antibody on the clearance of experimentally induced in-vivo
sensitized erythrocytes. 2G of the 'LPS-injected' animals were
divided into 4 sub-groups, consisting of 5 chickens each.
On the detection of an adequate degree of erythrocyte
sensitization (usually 2 hours after LPS injection) the following
procedure was carried out:
The first sub-group of 5 chickens were challenged
with homologous antiserum 5 mis. per Kgm. of potent, undiluted
liyp e r immune /
hyperimmune serum (HA titre of 1:32,768); that is, 1 ml. antiserum
for a proximately every 2CO gms. body weight of chicken. The
second, third and fourth sub-groups of LPS-injected chic ens were
similarly injected with the same volume of specific hyperi nr. une
serum, diluted 1:10, 1:50 and l:lCO rcspectively.
Of the remaining 10 chickens, half of these were
similarly injected with S.D. of LPS, but the other half received
sterile saline. These 1G animals served as controls, and were
treated subsequently as follows: The former group of 5 LPS-
injected chicnens were challenged with 5 ;ls. of sterile (Seitz-
filtered) normal chicken serum per Kgm., whilst the saline-injected
animals were given 5 mis. per Kgm. of undiluted specific hyperimmune
serum.
All the injected animals were bled after the last
injections as folio : 15, 3G, 60 minutes: 2, 4, 6, 24, 48 and
72 hours. The blood samples taken at these times were assayed for
changes enumerated above.
LPS Injection .Experiments with ' I nvnune' chickens : Animals from the
first and second group experiments (that is, those given either a
single dose (SD) or lultiple injections of LPS) were left for between
28 to 3G days after the end of the experiments. It was considered
that after this 'resting period', all the animals would have
completely recovered haematologically; they would also be actively
'immune' or primed. They were then to be re-injected, either with
the same S.D. of LPS or with multiple injections of LPS, as out¬
lined above. Blood samples were to be treated as described above.
Post-mortem examination : Some of the animals that had received
multiple LPS injections, and their controls, were killed at the end
of /
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of the experiments, and the spleen and liver were removed and
weighed. Individual chickens were again re-weighed.
RESULTS
i1) HaematoloKical and serological Responses to a Single Large
Intravenous (i/v) Injection of LPS;
The responses in a group of chickens, each given a
singl , large dose of LPS (4U mgm. per Rgm.) i/v,are illustrated
in Fig.47. Varying degrees of moderate reticulocytosis, not
exceeding 15 per cent, with corresponding decreases in the haemoglobin
concentrations (25 to 28 per cent of original values) and packed red
cell volumes (27 to 3G per cent), were observed from the fourth to
the ninth day after the injections of LPS. The time of haemolytic
crisis coincided wit,, the logarithmic increases in the antibody
response (range of haemagglutinating antibody titre was between
1:16G and 1:1280). Fig.47 also shows that the onset of rapid
elimination of sensitized erythrocytes coincided with the first
appearance of the complete haemagglutinins. The antiglobulin
haemagglutinins, however, appeared earlier and persisted longer at
higher levels than the complete haemagglutinins.
The animals started to recover haematological1y by
the tenth day after administration of LPS, and were all normal when
the experiments were terminated at the end of 17 days after injections.
Once the animals have Lad their erythrocytes
sensitized iii-vivo with the S.D. of LPS, polysaccharide coated
erythrocytes could be demonstrated in the circulation for 4 or 5
51
days when they suddenly di appeared. Cr-labelling studies have
earlier /
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FIGURE 47. RESPONSE to a LARGE SINGLE DOSE of ENDOTOXIN
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earlier shown that the sensitized erythrocytes have greatly-
shortened survival time (Chapter V) .
These large doses of LPS did not elicit any obvious
clinical signs.
No such changes were observed in control chickens
which remained normal.
(2) Responses to Multiple Injections of LPS;
In contrast to the degree and pattern of the
haemcx ytic response produced after single injections of LPS, repeated
injections led to more striking haemolytic changes. The degree and
pattern of the haemolytic changes were closely related to the
quantities of the LPS injected, and the results of these studies
are shown in Figs.48 - 50.
(i) Response to Graded . ultiple Doses of LPS in normal (Non»in .une)
Chickens: Three groups of chickens received i/v various
concentrations of LPS in the experimental protocol outlined in the
test.
The first group of chickens, which received 1G mgni.
of LPS per ngm. , daily for 7 day3 and on alternate days for another
4 days, developed moderately severe haernolytic episodes between the
sixth and tenth days after the first injection (Fig.48). These
animals also developed mild reticulocytosis (15 per cent increase),
and corresponding decreases in the haemoglobin and haematocrit
levels between the same period after the first injection. The
suggestion that an active immune response is intimately involved
in the mechanism of the haemolytic syndrome is supported by the
finding that the complete, agglutinating antibodies appeared and
persisted during this critical period. The incomplete, anti-
globulin/
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antibodies, which appear as early a.; the econd day after LPS
injection, do not seem to affect appreciably, the disappearance
rats of the sensitized erythrocytes.
Another striking finding was that in all the animals
he haemolytic process appeared to be elf-1imiting. Despite
continued injections of LPS the reticulocyte counts decreased, and
haemoglobin and the haematocrit levels increased during the last 7
days of observations. It was of great interest that it was found
impo sible to demonstrate sensitization of erythrocyte after 7 days,
despite the repeated injection of LPS.
The second group of chickens which received larger
doses than above 2U rag. per Kgm. repeatedly also showed
increased disappearance of erythrocytes from the circulation (Fig.49).
In this group of animals, re t i cul ocy t os i s fix-st appeared 4 to 6 days
after injections of PS wore begun, and maximal reticulocyte count
of 22 to 27 per cent (in contrast to the 6 to 9 per cent obtained
for the control animals) occurred subsequently between the eighth
and eleventh days after first injection of LPS. Haemoglobin
concentrations, as well as the haematocrit levels, .were also corres¬
pondingly decreased; the mean maximal changes being the reduction
from 12.5 to 9 gms. per cent, and 37 to 22 per cent respectively.
The self-1 irni t ing nature of the haemolytic process,
ana the coincidence of the point of increased erythrocyte destruction
with the appearance of the haemagglutinating antibodies, were again
observed. However, the degree of in uced anaemia, the amount of
antibody engendered, and the general pattern of the haemolytic curves,
differed from the first group of chickens. For example, partial
in-vivo erythrocyte sensitization could be induced again after the
initial/
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initial disappearance of the sensitized cells, and Type III
sensitized cells could be detected at the point of highest level
of specific serum antibody, even though, generally, a lower level
of antibody was actively produced. Of great interest, however,
was the observation that subsequent re-sensitization of erythrocytes
■t
in-vivo did not seem to have resulted in corresponding decreases in
haematologic levels. Instead, haematologic recovery proceeded as
if no sensitized erythrocytes existed in the circulation.
uhen still larger doses of LPS (40 mg. per Kgm.)
were repeatedly administered, rather surprising results were obtained
(Fig.So). The haemolytic crisis was much less severe, and sometimes
the haematologic values were only slightly below normal levels.
Thus, in spite of maximal degree of Type II erythrocyte sensitization
induced by these large doses of LPS, the haemoglobin and haematocrit
levels, on average, only fell from 12 to 10 gins, per cent, and 33
to 25 per cent respectively at the lowest haematologic levels.
Interestingly however, reticulocytosi s was highest in this group of
animals. Maximal counts of up to 30 per cent were obtained in
some of these chickens, 7 to 9 days after the first injection of
LPS. Complete haemagglutinins could not be detected in this group
of animals (Fig.5Q), and significantly, in-vivo Type III sensitization
was not observed. However, the same se 1 f-1 irni t ing and recovery
features of the haemolytic changes observed in the other groups were
also detected with this group of animals. The minimal haemolytic
changes tended to abate despite repeated administration of large
doses of LPS, but in contrast to the other groups of injected
chickens, their haematologic values had not fully returned to normal
levels at the time of termination of experiments.
A/
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A most significant finding in all the groups of
animal was the observation that the haemolytic response occurred
several days between 4 and 6 days after the first injection
of LPS. This strongly indicated that antibody response may be
involved in the mechanism of the haemolytic episode.
In all these experiments, simultaneous control
studies were conducted, and the results, shown together with those
of the treated animals in Figs.47 - 50, demonstrate the absence of
any si nificant changes in animals injected with only sterile saline.
Therefore, bleeding per se did not affect the values obtained for
the various haematologic parameters.
(ii) Effects of Kepeated i/v Injections of LPS in 'Immune' Chickens:
The same graded close range of LPS was given to the groups of
chickens which had earlier received either a single, large dose or
multiple injections of LPS one month after they recovered from the
initial experiments. The reticulocyte, haemoglobin and haematocrit
levels in such animals were invariably normal after one month's rest
from injections.
The observations in these chickens were similar in
both the pattern anu degree of the haemolytic syndrome to those
observed when normal animals were used, with the following significant
except ions:
(a) The anaemia appeared muca earlier than when the chickens were
in the non-immune state. It persisted longer, and was also more
profound in intensity in all the injected groups, except those
animals that had received multiple do^es of LPS (4G mgm, per Kgm.),
which still showed minimal haemolytic changes.
(b) Much higher degree of in-vivo erythrocyte sensitization was
detected/
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detected, ana in contrast to the previously non-immune chickens,
both Types II and III erythrocyte sensitization were uetected.
These types of sensitization were, however, restricted to the first
two groups of chickens which had received multiple injectio s of
either 1G or 2G rag. of wPS per Kgm. ho type III sensitized cells
were detected in the third group of chickens which had received
4u m.,» per Kgm, multiple injections of LPS,
Persistence of sensitized erythrocytes in these
multiple-injected animals was restricted to the Type II sensitized
cells, and thi; was observed only in groups of animals which had
received multiple injections of either 2G or 4g mg, of LPS per Kgm.
(c) As with the previously non-immune animals, there was no visible
haemoglobinaemia after administration of the first dose of LPS in
any of the 'immune* chickens, even after injection of 40 mg. of
LPS per ip m«
(iii) bipnificance of oplenic .activity; Mild splenomegaly was
found uniformly only in the group, of animals that had received
multiple doses of LPS. Saline-injected control chickens had a
mean splenic weight of 0.84 gms. per Kgm. boay weight, whereas the
animals that received repeated doses of LPS had a mean splenic
weight of 1*3 gms. per Kgm. body weight. There was no increase,
however, in the mean splenic weight of the animals that had received
single, large LPS injections.
All the animals were killed after all the experimental
observations had been completed.
(3) effect of Passively Administered Antibody on experimentally-
Induced in-vivo Erythrocyte sensitization:
From the results so far obtained, the haemolytic
process/
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process occurs ap roximately a week after the first injection of
LPo, and was more profound in animals that had received multiple
doses of LPS. This suggested that antibody may be involved.
Therefore the effect of passively injected specific antibody to
LPS after prior LPS administration, v is investigated. The results
are uepicted in Figs.ol and 52.
(i) Induction of -naemia using Homologous Antibody in LP £-Injected
Chickens: .'-.a shown above, i/v injection of an LPS dose of
40 mg. per Kgin. into chickens induce., sensitization of erythrocytes
in-viso. Two hours after this injection, when the animals had
completely recovered from any signs of distress and shock, and
when maximum degree of erythrocyte sensitization could be detected,
they were challenged with various doses of homologous antiserum.
The results obtained from these experiments, a town in .Tig,51, were
highly significant. T ey demonstrate clearly that a significant
percentage of the animals* total body erythrocyte volume is
sequestered following the injection of specific antibody. s
early as one hour after the i/v injection of antibody, significant
decline in the haemoglobin and haematocrit levels were observed
in all the LPS-injected animals. At the same time, distinct rises
in the reticulocyte counts were obtained, the mean peak reticuloc tosis
being observed 6 hours after the injection of antibody. Typically,
maximum decreases in haematologic values were obtained 2 hour; after
antibody injection. For example, in chicken number 68/75 which
had received the highest concentration (undiluted) of antiserum,
the decline in the haematologic values started as early as 15 minutes
after antibody administration, and by the end of 2 hours afterwards,
the animal had lost approximately over 3G per cent of its total
circulating/
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circulati number of erythrocytes.
Another important observation in these studies was
the rapidity with which the haematologic recovery phase followed
the peak of the haemolytic episode. The rapid recovery phase was
subsequently found to be due to the sudden appearance of large
numbers of immature erythrocytes (reticulocytes) in the circulation.
This was, however, not surprising, in view of tie known ability of
LPS to stimulate erythropoeisis in animals (Smith, 1964; Fruhman,
1966; Boggs, 1966; Boggs, Ghervenick, Marsh, Cartwright and
.Vintrobe, 1968).
ignificantly, erythrocytes from animals challenged
with the highest concentrations of antibody were also found to be
sensitized with the antigen-antibody complex (Type III sensitiz¬
ation) see chicken numbers 68/75 and 68/90 in Fig.51. Moreover,
these particular animals showed the most profound of the haemolytic
crisis.
Inspection of the various curves in Fig.51 confirms
earlier suggestion that there is an intimate relationship between
the phenomena of in-vivo erythrocyte sensitization and induction
of hameolytic anaemia after LPS injection (Chapter V). The rate
of reduction in the 'degree' of i i-vivo sensitization was found to
be closely related to the degree of induced anaemia. For example,
chicken number 68/75, which id cleared all its sensitized cells
from the circulation by the end of 24 hours after antibody injection,
showed tin:, severest anaemia. In contrast, in chicken numbers
68/2G5 and 68/91, where sensitized cells could still be demonstrated
even after 72 hours, the induced anaemia was only minimal.
Control chickens (for example, number 68/92) which
had/
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had been injected with sterile saline and undiluted antiserum,
snowed no anaemia.
( i i) .Relationship between the level of Specific Antibody and the
.Number of Sensitized Erythrocytes Sequestered: The results
recorded in Fig.51 showed that passively administered specific
antibodies augment or accelerate the haemolytic process that occurs
after injection of LPS. Furthermore, it was found that the per¬
centage of sensitized erythrocytes sequestered within a specific
time was directly related to the concent ration of the injected
antibody. This relationship is illustrated in Fig.52. In
response to decreasing concentrations of antibody, a progressive
decrease in the volume of sequestered erythrocytes was observed
in the animals 2 hours following antibody challenge. A clear dose-
response relationship between the concentration of antibodie in the
circulation and the percentage volume of sequestered sensitized
erythrocytes at 2 hours, thus existed. More than 30 per cent of
the animals' sensitized erythrocytes could therefore be destroyed
by challenging LPS-injected animals with a potent, liigh-titred
(undiluted) homologous antiserum. In contrast, only about a
third of this volume was sequestered, using LPS alone. Furthermore,
an insignificant amount of erythrocytes were uestroyed ia animals
where there had been no in-vivo sensitization (control chickens
given sterile saline), even with the subsequent injection of the
highest concentration of homologous antiserum.
(iii) Clinical manifestat ions; Clinical symptoms after LPS and
homologous antibody injections closely resembled those of the
terminal stages of chickens infected with acute fowl typhoid.
These were salivation, dyspnoea, cyanosis, incoordination, diarrhoea
and/
FIGURE52.
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and pyrexia. It was considered of great significance that all the
typical clinical signs appeared only after subsequent challenge of
LPS-injected chickens with anti-LPS antibody.
DIoCUooION
The possibility that adsorption of bacterial
antigen(s) and subsequent interaction of antibody and antigen(s)
at the erythrocyte surface may occur in-vivo. and if so, whether
this can produce erythrocyte destruction, has in the past led many
attempts to experimentally induce in-vivo erythrocyte sensitization
by injection of various bacterial polysaccharides. Thus, although
Ceppellini and De Gregorio (1953) had earlier been unable to induce
in-vivo sensitization in rabbits by injection of Vi-polysaccharide,
de Gregorio (1955) was later able to achieve this in guinea- >igs,
but only after injection of large amounts (lO mg.) of the poly¬
saccharide. That in-vivo sensitization was possible, but only after
the administration of relatively large amounts of bacterial poly¬
saccharide is confirmed by the observations of Boyden (1953) in
guinea-pigs and Buxton (1959a) and Gpringer and Horton (1964) in
chickens.
It is of interest that none of the above authors
reported the occurrence of anaemia after these large, single
injections, although the possibility that this occurred should not
be ruled out. The present result;; suggest that anaemia might well
have developed following injection. In support of this assumption
is the finding that after intravenous injection of endotoxin there
is a decrease in the haematocrit level in the chicken (Jordan and
llinshaw, 1964) and the monkey (Hinshaw, Jordan and Vick, 1961).
These/
These autaors,however, did not undertake any investigation of surface
changes on the erythrocytes, but the recent reports that certain
experimental animals given endotoxin either have decreased erythrocyt
life-span (Cartwright, 1966; Sherman, Krumhaar, Tanaka, Bennet and
Aaloney, 1966) or develop gross bi1irubinaemia (Fddington and
Kampschmidt, 1968) would indicate the aoility of endotoxin to induce
haemolysis under their experimental conditions. Although the above
results hinted at an intimate relationship between the erythrocyte
surface sensitising properties of endotoxin and the various
haematologic manifestations caused by endotoxins, the precise
mechanism of these changes has hitherto not been clearly demonstrated
The present results have clearly shown that, in fact, the anaemia
induced by endotoxin injection is the direct consequence of such
erythrocyte surface sensitization.
Haemolytic anaemias are generally accompanied by
abnormalities in the red cell or in the host (Chapter I), and it
was also demonstrated in previous chapters that specific immune
alteration of the erythrocyte surface is an essential pre-condition
in the pathogenesis of the haemolytic anaemia associated with acute
S.gal 1inarum infection. The present results confirm tl i- finding
by clearly demonstrating that chickens develop relatively severe
haeraol tic anaemia after either single or multiple injections of
endotoxin derived from d.gal 1inarum. and that this anaemia i related
to an abnormality of the erythrocyte; that is, sensitization.
Furthermore, following endotoxin injection, circulating specific
antibody is demonstrable and the period of haemolytic crisis
coincides with the disappearance of these sensitized erythrocytes
from the circulation. The significance of specifically reacting
antibody/
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antibody in this haemolytic syndrome was further indicated by
passive injections of varying amounts of hyperimmune serum following
induction of in-vivo sensitiaation by endotoxin injection. Varying
degree of anaemia, from moderate to severe, depending on the n-j i e
of the antibody, followed within a short time of the injection,
together with clinical and pathological signs highly reminiscent
of the natural disease process. These findings, coupled with
determinations of decreased erythrocyte survival in endotoxin -
injected chickens (Chapter V), provide strong evidence demonstrating
that this induced anaemia is haemolytic and may be due to the
attachment in~vivo of endotoxin to erythrocytes, followed by their
rapid sequestration in the presence of anti-endotoxin a ibony,
previously suggested to account for this anaemia (Chapter V) and alsc
earlier, postulated for the induction :f anaemia of fowl typhoid
(Cha ter III).
This mechanism may also explain the ore severe and
much earlier appearence of the haemolytic episode observed in the
immune chickens after re-inoculation with endotoxin. ;■ ignif icant ly
in this particular group of animals, the erythrocytes were found to
exhibit Type III sensitization after re-injection vi th endotoxin.
However, there is the alternative possibility that
the haemolytic response may be due to an abnormal increase in the
erythrophagocytic activity per se of the reticuloendothelial ystem
(RES), as has been postulated by Ho and Kass (1958) to account for
the haemolytic anaemia developed in rabbits after endotoxin injections.
Hi0 and nass observed that after prolonged intravenous injection of S.
typhi endotoxin into normal raboits, a mild to severe haemolytic
anaemia developed. A more marked anaemia developed in immunized
rabbit s/
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raboits v. \ch were subjected to repeated inoculations of endotoxin,
and the naemolytic changes reached tueir peak during the second
week after the first injection. This suggested chat antibody may
be involved, but their failure to demonstrate the presence of in-vivo
erythrocyte sensitization led thein to suggest that the development
of tiie anaemia was due to increased activity of the RisS. There
.as, however, enough evidence of their results to indicate that
the anaemia they iserved as not the asult of an as yet unexplain¬
ed activation of the RCb. For inst .nee, the; anaemia was not well
correlated with the size of the spleen, the largest spleen was found
only in an hyperimmune raobit that was so longer anaemic. Further¬
more, splenectomy did ,.ot appear to eliminate the haemolytic res onse
to endotoxin. On the other hand, the antibody to endotoxin a peared
luring the period of haeinolytic crisis, and the possibility that
cell; coated with endotoxin in-vivo were then remo.ed rapidly from
t ie circulation of animals, t.nci hence were not detectable peripherall
cannot be excluded, uch an occurence might even explain the
haemoglobunaemia t aey observed in the immune animal shortly after
injection of a large aose of endotoxin.
.nevertheless, even though itiwb function was not
directly investigated, for e.campl. by carbon clearance, the anaemia
herein described is not well correlated with the size of the s leen
and liver- Thus, a mild sp 1 en<_ negaly was observed only in chickens
given multiple injections of endotoxin, wnereas single injections of
unuotoxin, .1 though this similarly induced a severe anaemia, were
not accompanied by any significant increases in either the spleen
or liver sizes. oreover, previous studies (Chapter V) have shown
that intravenous injection of a 1 age dose (4Q mgm. per Kgm, body
weight)/
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weight) of endotoxin in the chicken 6 or 24 hours prior to trans
fusion of 3^Cr labelled erythrocytes resulted in a slight
decrease in the concentration of radioactivity, but only during the
first 24 hours; beyond this 24 hour period, the survival was normal
In contrast, following administration of iuentical materials in the
reverse order, the erythrocyte life-span was found to oe markedly
reduced (Fig.38). These observations militate against a general¬
ised stimulation of the RES per se being the cause of this anaemia,
and suggest that the increase in weight of the spleen in multiple
endotoxin-injected animals may be cue to the deposit ioir of material
from the erythrocyte destruction.
On the other hand, the anaemia described here is
well correlated with the time of in-vivo sensitization and the onset
active immune response. For instance, it was found that in-vivo
sensitization could be detected throughout the early part of the
haemolytic process, particularly those given single injections, but
the major haemolytic response occurred only approximately one week
after the injection of single or multiple doses of endotoxin, which
strongly indicated that the anaemia induced is antibody-mediated.
The role of antibody in the production of this
haemolytic episode was subsequently ampiy demonstrated by the
experiments which consisted of passive injections of specific anti-
endotoxin antibody to endotoxin-injected recipients with in-vivo
sensitized erythrocytes. The results of these experiments show
that such a procedure greatly accelerated the rate of erythrocyte
destruction ana also augmented the reticulocyte response (Fig.51).
The observation that the total percentage of erythrocyte sequestered
hence the severity and degree of the induced immunohaemolytic
anaemia/
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anaemia —— was dependent on the potency or titre of the admin¬
istered homologous antibody (Fig.52) offered another convincing
evidence in support of the contention that specific immune anti¬
bodies are directly involved in the destruction of endotoxin-
injured erythrocytes.
In the present experiments, the haemolytic process
was found to be self-1imiting, the haemolysis tending to abate
despite repeated administration of endotoxin; ana the finding that
the severity of the induced haemolytic anaemia was markedly decreased
when very large doses (40 rngm. per Kgm. of body weight) of endotoxin
were injected daily (Fig.5G) is probably explained by the unique
ability of certain polysaccharides to induce immunological paralysis
in a variety of adult animal hosts (Britton and .oiler, 1965; 1968;
Dresser and ihitchison, 1968; Britton, 1969). The almost complete
absence of de nevo formation of haemagglutinating antibodies in
this group of animals (Fig.50) attest to the above suggestion.
It is also quite likely that it was this immunologic unresponsiveness
which was the significant factor in the failure to induce any sign¬
ificant degree of antibody-mediated destruction of erythrocytes in
this grouj> of chickens.
The present results have ernonstrated, in general,
that the release of endotoxin during the bacteraemic phase of acute
.gallinarum infection plays a primary role in the pathogenesis of
the accompanying haemolytic anaemia. The immunological basis of
the overall pathogenesis of the disease is also indicated by the
finding that clinical signs, closely resembling those of the terminal
stages of acute fowl typhoid, appeared only after animals, previously
injected with large doses of endotoxin, were challenged intravenously
with anti-endotoxin antioodies.
These/
These findings show that Fowl Typhoid offers an
excellent experimental model for studies of the anaemia of gram-
negative bacterial infections in general. Its advantage is due to
the extreme tolerance of the chicken to endotoxins which resist
many times the dose lethal for most commonly used laboratory animals
(Gilbert, I960; Kuida et a!•« 1961; flerczi, et a 1.^ 1966). This
tolerance enables large quantities of endotoxin to be employed
experimentally, and also in the natural disease, probably allows
the systemic build up of similar large amounts of endotoxin, with
the result that heavy and widespread erythrocyte sensitization occurs
thus permitting their serological demonstration. Furthermore, none
of the common laboratory animals can offer the combination of extreme
susceptibility to a natural host-specific infection, with the
phenomena of in-vivo erythrocyte sensitization and clinical haemolyti
anaemia, together with unique refractoriness to the lethal effects
of experimentally administered endotoxin.
2:2.
CHAPTER VIII
THE SIGNIFICANCE OF ANAEMIA IN THE PATHOGENESIS
OF S. GALLINARUM INFECTION
INTRODUCTION
It has been stressed in previous chapters that one of the
main pathological features of acute fowl typhoid is the haemolytic
anaemia. During this infection, a massive destruction of the
erythrocytes occurs (Chapter II), with the result that the fatally
infected animal loses more than 70 per cent of its original totaj.
circulating number of erythrocytes (Chapter V). It is probable that
the effects of such a striking haematologic change may alone be
extremely significant in the overall pathogenesis of the disease.
It was also shown in Chapter V that the main organs responsible for
the final destruction of most of the sensitized erythrocytes during
fowl typhoid belonged to the reticuloendothelial system (REb), namely
the spleen and liver. It is therefore also possible that the
phagocytosis of the altered erythrocytes by the RES may lead to
impairment of other important RES functions. In view of the general
belief that bacterial endotoxin (LPS) is the chief moeity responsible
for the pathogenesis of gram-negative bacterial infections (flennet,
1948; Neva and Morgan, 1950; Spink and Anderson, 1954; King and
Wood, 1958, Rapaport et al., 1964; Griesman et al., 1964, 1969;
Penhale, 1965; Heddleston, Rebers and Ritchie, 1966; Riedler and
bcheitlin, 1969), and the finding that damage to the RES increases
host susceptibility to endotoxin (Formal, Noyes and Schneider, I960;
Cooper and Stuart, 1961; Box and Sriggs, 1961; Suter, 1964; Farrar
and Magnani, 1964), the possibility that the anaemia of fowl typhoid
may/
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may contribute significantly to the pathogenesis of this disease,
also by an effect on the RES, becomes apparent.
Investigations in previous chapters have emphasised the
ubiquity of endotoxin in the mediation of many of the pathologic and
patho-physiologic effects in chickens infected with S. gallinarum.
Earlier studies of this disease by iiuxton and Davies (1963) have
shown wide variations of endotoxin in the reticulo-endothelial
organs after infection which could not be related to the lethal out¬
come of this disease. However, evidence that a major proportion
of endotoxin injected into experimental animals localises within
the tissues of the reticulo-endothelial system, (Braude et al.,
1955; Cremer and Watson, 1957; Carey et al.. 1958; Chedid, Skarnes
and Parant, 1963; Golub, Groschel and flowotny, 1967; 1968), and
certain experimental procedures altering the RES function may have
profound effects on the animals' susceptibility to endotoxin
(Good and Thomas, 1952; Suter, Ullman and Hoffman, 1958; Benacerraf,
Thorbecke and Jacoby, 1959; Connor and Kass, 1961) , suggests that
a physiologic lesion of the RES plays an important role in the
overall reaction of the animal to endotoxin.
The possibility therefore existed that the anaemia of
acute fowl typhoid may be an important pathogenic factor for
several reasons. These possibilities were examined in the follow¬
ing studies, where it was attempted to determine the significance
and probable role of anaemia in the pathogenesis of the disease.
MATERIALS AND METHODS
Experimental Animals: Approximately 2GG ten-week old White-Link
chickens of both sexes were used in these experiments. The ani¬
mals, which/
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which were obtained in 6 batches of about 30 animals per batch, were
each used for a corresponding single set of experiments (vide infra).
Each group of animals was housed, fed and treated under the same
conditions; and each animal was weighed on arrival and re-weighed
on the day of experiment.
Haematocrit determination and -Ret iculocyte count: These were car¬
ried out as described previously (Chapter II).
Preparation of Endotoxin (LPS): Large quantities of purified LPS
were prepared by the method described in Chapter III. After freeze-
drying the material was accurately weighed, batched, vacuum-sealed
and stored until required, when it was reconstituted in sterile
saline.
Estimation of LP,-, of LPS; The dose-effect of the experiments was
evaluated by estimating the SO percent mortality dose. This was
done by 2 methods, and the mean value then found.
(i) Doses of LPS injected were plotted against Log^; percent mort¬
ality on Probability paper for linearity.
(ii) Method described by Reed and Muench (1938).
EXPERIMENTAL DESIGN
The chickens, consisting of 6 groups of approximately 3G
animals per group, were treated as follows:
Group I:- Anaemia (induced by chronic bleeding); no LPS injected.
Group II:- Injection of LPs only.
Group III:- 01igocythaemic anaemia (induced by withdrawal of a large
amount of erythrocytes), followed by injection of LPS,
Group IV:- ? Functionally impaired RES (induced by erythrophago-




Group V:- ? Functionally impaired RES (induced by erythrophago-
cytosis of in-vivo seixsitized chicken erythrocytes),
followed by LPS injection.
Group VI:- ? Functionally impaired RES (induced by erythrophago-
cytosis of in-vivo chemically altered autologous cells),
with consequent development of haemolytic anaemia;
these were also injected with LPS.
The various doses of LPS are given for each group in
Table 23.
Experimental Protocol:
The various doses of LPS, the regimen of daily bleeding
and the procedures for producing anaemia, and the induction of
probable impairment of the reticulo-endothelial function by ery-
thropha^ocytosis, were all determined after preliminary experi¬
ment s.
Group I: Preliminary experiments showed that up to between 10 and
15 mis. of blood could be withdrawn daily from each animal, for
many days, with apparently no ill-effects.
(a) Regimen and Procedure of Bleeding: A small blood sample (less
than 1 ml.) was withdrawn into Sequestrene tubes for liaematocrit
and reticulocyte level determinations. Then, from the other wing
vein, an accurate amount of blood was withdrawn into a calibrated
syringe with a measured volume of isotonic heparin. The blood was
centrifuged, and an equal volume of autologous plasma was re-trans-
fused into the appropriate animals within 3Q minutes.
(b) Estimation of Volume of Erythrocytes Removed per Day: V/ith the
retransfusion of plasma back into respective animals, and the
progressive/
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progressive decrease in the haematocrit levels as a result of the
daily bleeding, the volume of erythrocytes present in the dai ly blood
sample was considered the more relevant parameter for comparison.
The volume of erythrocytes removed per day (V J in a blood
sample (V^) with a known haematocrit (Hq), was estimated as follows:
X X*B (in mis.)
lOO
The control animajs were bled as before, but the packed
cells, suspended in a measured volume of autologous plasma, were
transfused back into the respective animals.
Group II; This group of anim,.ls was divided into 4 sub-groups and
injected i/v with varying doses of LPS without prior treatment. The
purpose of these injections was to establish the normal lethal dose
of LPS for comparison with the treated animals.
Group III: On the basis of the data from haematologic and radio-
chromium-labelling studies (Chapters II and V) it was estimated that
the apparent average percentage of erythrocytes destroyed at the time
of death was approximately 50; it was nearly 70 percent if only the
animals' original erythrocyte numbers were considered. Usually, on
average, about 35 mis. of blood were removed from each animal, spread
over 2 hours, in order to obtain a degree of anaemia comparable to
that caused by infection. That this procedure of inducing acute
blood-loss anaemia was relatively safe, is supported by the finding
that removal of more than 5G percent of blood in a single bleeding
from an adult chicken did not result in the development of an
irreversible shock and death (Wirth and Kubasta, 1939). As a further
precaution,/
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precaution, the chickens were challenged with the LPS only after
their respective sera had been re-transfused and then left to 'rest'
for between 5 ana 6 hours. The object was to keep to a minimum, any
possible activation of the RES activity. In this group, blood was
not collected with heparin anticoagulant because of its detoxifying
effect on LPS toxicity in animals (ochultz and Becher, 1967; Mar-
garetten, McKay and Phillips, 1967: Gupta and Reed, 1968). The pro¬
cedure was therefore to take a small amount of blood in Sequestrene
tubes for PCV and reticulocyte count, and then bleed the animal
without anti-coagulant. Afterwards, the blood was allowed to clot,
and the serum auto-transfused as quickly as possible.
In the control experiments for this group, blood was
taken in heparinized tubes and erythrocytes separated by centri-
fugation; the cells were then retransfused, suspended in homolo¬
gous normal chicken serum which had been made up to the original
volume. The control animals also received the same doses of LPS as
the test animals.
Group IV: Preliminary studies had shown that normal chickens pos¬
sess high levels of natural rabbit haemagglutinins—mean values of
1:64. They also exhibited no adverse clinical signs of intravascu¬
lar haemolysis after injection of 2 mis. of 5G percent suspension
of rabbit erythrocytes in sterile saline,but more than 4 mis. of
tnis suspension was fatal when injected intravenously.
After injection of rabbit erythrocytes, the animals were
left for over 6 hours before being challenged with LPS, at which
time it was considered that nearly, or all the heterologous cells,
have been sequestered. This assumption was based on the finding that
non-viable or heterologous erythrocytes are cleared in many hosts
at/
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at a rate of C.2 mis. of cells per Kgm. per hour (Noyes, Bothwell
and Finch, I960: Bowman et al.. 1961 ; Mollison, 1962) .
Group V: Bach animal in this group received 3 mis. of 50 percent
suspension of in-vivo sensitized chicken erythrocytes in sterile
saline, and 6 hours later they were challenged with UPS.
The coixtrols for both groups, IV and V, consisted of i/v
injection of either sterile saline or homologous normal chicken
erythrocytes, before being injected with LPS. Those animals which
received normal chicken cells were checked for the absence of axxy
iso-haemagglutinins.
Group VI: The ability of phenylhydrazine hydrochloride to induce a
non-immunologic haemolytic anaemia in a variety of species is well-
known (Muirhead, Groves and Bryan, 1954; Lowy, Keighley, Dorsook
and Graybiel, 1959; Weed, Eber and Rothstein, 1961; Azen and
Shilling, 1963; 1964). Preliminary experiments had shown that, on
average, a subcutaneous dose of 5G mg. of phenylhydrazine hydro¬
chloride (PHND-HCl), dissolved in distilled water, reduced the
haematocrit of the chicken from a mean value of 34 to 19 percent
within 24 hours.
Sub-groups of chicken were thus given various doses of
LPS, 30 hours after the injection of the drug.
Control animals were given sterile distilled water sub-
cutaneously in place of the PHND-HCl, before LPS was injected.
A common procedure for LPS injections in all these exper¬
iments was to admiixister relatively large doses at the beginning,
and then follow with the smaller doses if the resulting mortality
was high. Appropriate adjustmexits of the doses and the procedure
of /
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of injections were made accordingly, depending on the number of
animals which dies after each dose of LPo.
RFoULTb
( 1) Clinical and Haematologic Responses of Chronic drythrocyte Loss:
The significance of anaemia per se in the pathogenesis
of a fowl typhoid was investigated by subjecting a number of
animals to a regimen of daily bleeuing with the object of produc¬
ing a degree of anaemia comparable to that caused by S. gallinarum
infection. Daily bleeding for more than a week resulted in trie
establishment of a severe chronic anaemia. The chickens showed the
effects of anaemia, such as pallor and cyanosis of the comb and
wattles. The other clinical signs were 1istlessness, ruffling of
the feathers and difficult breathing.
as demonstrated in Fig. 53, there was a rapid decrease
in haematocrit in the first two days when approximately 50 percent
of the original erythrocyte volume was witadrawn. This period co¬
incided with the onset of the increase in the reticulocyte count,
and by the end of one week after the first bleeding, more than 6C
percent of the total erythrocyte volume consisted of immature
blood cells, mainly reticulocytes.
After tiie second day, subsequent decreases in the haeaa-
tocrit level with bleeding, were small but gradual, in contrast to
the massive but progressively rapid increase in the reticulocyte
level during this period. This latter response, which may be due
to increased haeiaopoe i t i c activity, definitely accounted for the
small decreases in the overall erythrocyte total numbers, in spite
of repeated withdrawal of relatively large volumes of blood.
In/
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In spite of the large amounts of blood withdrawn with
consequent severe anaemia comparable to that found during fowl
typhoid, none of the animals died. This indicated that the anaemia
per se is not the chief lethal factor of infection.
There were no significant changes in the haematologic
values for the control animals; furthermore, no adverse clinical
signs were observed in this group of animals.
( 2) Susceptibility of Chickens to S. fallinarum Endotoxin After
Various Treatments:
Following the investigation of the effect of anaemia
per se. it was decided to investigate the effect of anaemia in com¬
bination with LPS in the chicken. The effects of various treatment
of chickens on their susceptibility to LPS are summarized in Table
23 and depicted in Fig. 54.
(i) The Effect of Acute Erythrocyte-Loss (Ol i gocy thaemi c) Anaemia
on Susceptibility to LPS: The influence of acute erythrocyte loss
on the susceptibility of the chicken to LPS was investigated by
inducing an oligocythaemic anaemia by bleeding as above and sub¬
sequently challenging with LP^>.
Inspection of Table 23 reveals that the removal of
approximately 50 percent of blood, a procedure which produced a
degree of anaemia comparable to that caused by S. gallinarum
infection, did not appreciably increase susceptibility of chickens
to LPS. With an LD^ of 55 mg. per Kgm., they were equally sus¬
ceptible to LPo as normal, untreated chickens (LD^ of 56 mg. per
Kgm.). The death rate and the cumulative mortality were also
nearly the same in the bled and normal chickens, both being re¬
presented in/
TABLE23
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in the high-dose region of Fig. 54.
(ii) The Effect of Transfusion of Heterologous Erythrocytes:
After demonstrating that there was no increase in sus¬
ceptibility to LPo in chickens after acute erythrocyte loss, the
effect of LPS in chickens which had cleared foreign erythrocytes
from their circulation, and in which therefore RES activity may
have been consequently reduced, was then examined.
It was found that chickens inoculated with rabbit ery¬
throcytes, and which had shown no clinical signs as a result of
this injection, when challenged 6 hours later with LPo died at a
much faster rate than either chickens pre-treated with homologous,
normal erythrocytes or untreated animals. In the experiment
summarised in Table 23, it is seen that the mortality rates in
chickens injected with rabbit erythrocytes were 60 and lOO per¬
cent, with doses of 20 and 40 mg. of LPS per Kgm. respectively.
In contrast, there were no deaths until 50 mg. of LPS per Kgm.
had been injected into normal, untreated chickens, and then only
1 of the 5 animals died.
The LI) for the normal animals was estimated to be
50
56 mg. per Kgm. a dose more than twice the amount required to kill
approximately the same percentage of animals pre-treated with
rabbit erythrocytes (21.5 mg. per Kgm.).
None of the control animals, pre-treated with either
sterile saline or normal chicken erythrocytes and given the same
doses of LPo, died.
(iii) The Effect of Administration of Phenylhydrazine hydrochloride
(PHNL-HCL): It has been shown above tnqt, whereas anaemia per se
does/









does not increase susceptibility of the chicken to LPS, chickens
in wnich the RES may have been previously involved with erythro¬
cyte destruction (erythrophagocytosis) exhibited greatly increased
susceptibility to LPS. Therefore, it was decided to investigate
the effect of RES erythrophagocytosis, and concomitant anaemia,
in combination with LPS.
Preliminary observations indicated that rapid destruc¬
tion of erythrocytes occurred in the chicken after sub-cutaneous
injection of PHND-HCL. The average quantity of erythrocyte lost
within 30 hours after injection of PHND-HCL was more than 45 per¬
cent of the initial total erythrocyte volume; this was nearly
identical with the degree of anaemia observed in chickens infect¬
ed with S. gallinarum. The various mechanisms of erythrocyte des¬
truction in this chemically-induced anaemia, as postulated by
Muirhead et al . ( 1954), iVeed et al . (1961) and Sabine ( 1964),
suggest that, apart from anaemia, erythrophagocytosis and altered
reticulo-endotnelial activity also occur.
As shown in Table 23, a marked increase in suscepti¬
bility to LPS challenge occurred in the chicken 30 hours after
sub-cutaneous administration of PHND-HCL. The estimated LDC was
5U
very small (14.5 mg. per Kgm.) as compared with 56 mg. per Kgm.
for normal, untreated animals. All the animals injected with
3G mg. of LPd per Kgm. died within 3 to 5 hours after challenge,
and 2 out of 5 of such animals died after injection of as little
as 10 mg. per Kgm. of L. S. The cumulative mortality pattern of
these animals is illustrated in Fig. 54, and their extreme sus¬
ceptibility to LPS is shown by the marked displacement to the
left/
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left of cumulative mortality in Fig. 54, which represents the
low-dose region.
In contrast, all the control chickens given the same
doses of L/S produced hardly any visible signs.
It was also noticed that chickens pre-treated with
PliND-HCL were more susceptible to LPS than chickens pre-injected
with rabbit erythrocytes (LD^, of 14.5 nig., as compared with
21.5 mg.) These animals were far more susceptible than chickens
subjected to acute erythrocyte loss alone, (an LD^ of 55 mg. per
Kgm.). A dose of 30 mg. of LPS per Kgm., which proved fatal for
all the PHND-HCL treated chickens, had no demonstrable effect on
any of the animals with induced oligocythaemic anaemia.
(iv) The Effect of Injection of in-vivo Sensitized Chicken
Erythrocytes: Following above experiments on susceptibility to
LPS after various treatments, the effect of in-vivo sensitized
erythrocytes taken from infected chickens was also investigated.
Six hours after i/v injection of in-vivo sensitized
chicken erythrocytes, the animals were challenged v/i th different
doses of LPS through the intravenous route. Again, as shown in
Table 23, all the injected chickens died within 12 hours after
challenge with 50 mg. of LPS per Kgm. In contrast, none of the
control chickens, which had previously been injected with normal
chicken erythrocytes, died.
These animals had a significantly lower LD ^ of LPS
(36 mg. per Kgm.) than animals either rendered anaemic by bleed¬
ing before challenge (LD^ of 55 mg. per Kgm.) or untreated
(56 mg. per Kgm.). Thus, a dose of 30 mg. per Kgm. of LPS, which
ki 1 led/
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killed at least 4G percent of the chickens pre-treated with in-
vivo sensitized cells, did not affect either normal chickens or
those animals with induced oligocythaemic anaemia. Furthermore,
all the animals injected with sensitized chicken erythrocytes
were killed with an LPS dose of 50 mg. per Kgm., but none of the
untreated, and only one of those rendered anaemic by bleeding,
died as a result of subsequent injection of the same dose of LPd.
Compared, therefore, with the normal, untreated chickens, chick¬
ens pre-treated with in-vivo sensitized chicken erythrocytes show¬
ed greatly increased susceptibility to Lu-'S.
The difference and contrasts in susceptibility to LPS
in all the above treated animals are illustrated in Fig. 54.
DIaCUPSION
The results of these studies have indicated the respec¬
tive roles which may be played by the processes of anaemia, ery-
throphagocytis, reticulo-endothelial activity and the liberated
endotoxin in the overall pathogenesis and death of chickens in¬
fected with S. gallinarum. It is possible that these findings are
also applicable to other gram-negative bacterial infections.
Thus, it has been shown that parental administration of
antigen-antibody coated homologous (chicken) erythrocytes, heter¬
ologous (rabbit) erythrocytes, or subcutaneous injection of phen-
ylhydrazine hydrochloride, markedly increases the susceptibility
of chickens to S. gal 1 inarurn endotoxin. Although multiple mech¬
anisms may be involved in the altered susceptibility to endotoxin
described in these experiments, one factor common to all of the
models/
models is the mass presentation of abnormal erythrocytes to the
blood stream.
Abnormal erythrocytes are rapidly removed from the
circulating blood and then destroyed, apparently by the cells of
the reticuloendothelial system (RES) (Senacerraf, Biozzi, Hal-
pern and Stiffel, 1957; Miescher, 1957; Jandl and Tomlinson,
1958; Cutler, 1981). Nucleated pigeon red cells injected intra¬
venously into heterologous hosts, can actually be seen in reticu
lo-endothelial cells prior to their disruption (Benacerraf et al
1957; Halpern, Biozzi, Benacerraf and Stiffel, 1957). Pheny-
lhydraziue hydrochloride interferes with enzymatic activity of
erythrocytes (Beutler, 1959) and may also directly damage the
erythrocyte membrane (Weed et al.. 1961). The affected erythro¬
cytes are more susceptible than normal erythrocytes to removal
from the blood stream, presumably by cells of the RES (Jandl and
Tomlinson, 1958; Mollison, 1962; Rifkind, 1966).
To explain the altered susceptibility observed in the
present experiments, it is suggested that phagocytosis of ery¬
throcytes impairs the metabolic capacity of the RES to detoxify
subsequently administered endotoxin. This hypothesis is based
on the assumption that the RES is responsible for both the des¬
truction of altered erythrocytes and detoxification or inactiv-
ation of the endotoxin. In this connection, it is interesting t
note that, apart from the established fact that 'blockade1 or
damage to the ivES increases host susceptibility to endotoxin
(Noyes, Mclnturff and Blahuta, 1959; Formal et al.. I960; Box
and Briggs, 1961; Cooper and Stuart, 1961; Suter and Kersanow,
1961; Farrar and Magnani, 1964; Suter, 1964), the^e is also
amp1e/
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ample evidence that a major proportion of endotoxin injected
into experimental animals localises within the cells and tissues
of the RES, especially in the red-pulp of the spleen and in the
Kupffer cells of the liver (Braude et al.. 1955; Cremer and
Watson, 1957; Carey et al., 1958; Chedid et al., 1963; Golub
et al.. 1967; 1968). Furthermore, the present results show that
it is the group of chickens injected with phenylhydrazine hydro¬
chloride that is, those with possibly the severest pathological
insult because of the occurrence of both anaemia and erythro-
phagocytosis __ that exhibited the greatest increase in suscepti¬
bility to endotoxin (Table 23).
The possibility, therefore, exists that ingested ery¬
throcytes interfere with the mechanisms which operate intra-
cellularly to detoxify endotoxin. These conclusions are support¬
ed by the observation that in the groups of chickens with probably
no occurrence of RES erythrophagocytosis, (for example, those
chickens either given homologous erythrocytes or rendered anaemic
by bleeding), there was no significant increase in susceptibility
to endotoxin as compared with the for normal, untreated
animals. Moreover, phagocytes have been shown to be the main tar¬
get for endotoxin activity in-vivo (Nelson and Boyden, 1963;
Weissmann and Thomas, 1964; Levy and Ruebner, 1967; 1968), as
well as in-vitro (Heilman, 1964; 1965, 1968; Kessel and Braun,
1965; Heilman and Bast, 1967; Weiner and Levanon, 1968). More
significant, however, in-vivo biological detoxification of en¬
dotoxin has actually been shown to be mainly localised in the
phagocytic elements of the reticulum cell-rich organs (Wiznitzer
et al.,/
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et al. , I960; Trapani, Waradvekar, Landy and dhear, 1962; Smith,
Rutenburg, Rutenburg and Fine, 1963; Farrar, 1965; Farrar and
Corwin, 1966; Rutenburg, Rutenburg, Smith and Fine, 1966; Ruten¬
burg, Skarnes, Palmerio and Fine, 1967) of which the spleen and
liver are tiie primary organs.
Injection of phenylhydrazine hydrochloride accelerates
destruction of erythrocytes of many animals (Muirhead et al..
1954; Lowy et al.. 1959; Weed et al., 1961; Azen and Shilling,
1963), and was found in the present experiments to produce mark¬
ed anaemia in the chicken. That the increase in susceptibility
to endotoxin in this group of animals cannot be attributed alone
to the anaemia produced by this agent is the finding that anaemia
per se, such as that caused by acute blood loss, does not increase
susceptibility to endotoxin. This suggestion is consistent with
the deinonstrat ion that there is no increase in susceptibility to
£. coli endotoxin in rabbits after reversible haemorrhagic shock
(Greisrnan, I960) . Furthermore, the possibility that the anaemia
per se was a lethal factor in this disease was ruled out by the
demonstration here that chickens with equivalent, or even more
profound degree of anaemia produced by bleeding, did not die.
Further evidence that the chicken can tolerate an unusually mas¬
sive loss of blood is the observation that removal of 85 percent
of blood in 2 days does not prove to be fatal (Wirth and Kubasta,
1939) .
The demonstration that chickens injected with eith:r
heterologous or in-vivo, sensitized erythrocytes show increased
susceptibility to the lethal effects of endotoxin confirms the
conclusion/
conclusion that impairment of the RES capacity plays an import¬
ant role in the overall reaction of the animal to endotoxin and
probably in the pathogenesis of the disease. The results reveal
that susceptibility to the lethal effect of S, gallinarum endo¬
toxin is markedly influenced by the presence of an haemolytic
anaemia. This conclusion is supported by the observation that
animals in which erythrophagocytosis or 'blockade* of RES have
been induced (that is, those injected with thoroughly washed
in-vivo sensitized chicken erythrocytes or rabbit erythrocytes)
show a greater increase in susceptibility to endotoxin than
those in which anaemia alone is present (that is, those with
acute blood loss). On the other hand, animals with the con¬
comitant presence of both the 'blockade' of RES and anaemia
(that is, those injected with phenylhydrazine hydrochloride)
show the most extreme of the susceptibility to endotoxin lethal¬
ity. It is possible that the reason why chickens injected with
phenylhydrazine hydrochloride showed the greatest increase in
susceptibility was the actual cellular damage to the reticulo¬
endothelial cells engaged in endotoxin detoxification,as dis¬
tinct from the mere functional impairment as a result of ery¬
throphagocytos i s> and not the added presence of the induced
haemolytic anaemia, as suggested above. Although the influence
of such a damage, if present, is unknown, it is likely that the
enhancement of endotoxin lethality can be entirely explained by
the direct toxic action of the drug on the erythrocytes and
their subsequent elimination and destruction b the RES. This
conclusion/
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conclusion is supported by the recent report showing that phen-
ylhydrazine hydrochloride, in adequate amounts, causes specific
direct damage to the erythrocyte by oxidation (De Gruchy and
Grimes, 1968), apart from the known fact that this drug alters
erythrocyte survival by non-immunological means (Muirhead et al.,
1954; Beutler, 1959; Weed et al., 1961; Azen and Shilling, 1963).
Nevertheless, the possibility still remains that some damage to
cells of the RGB might have occurred, which conceivably could
have affected the response of these animals to subsequent chal¬
lenge with endotoxin. At present, however, the most reasonable
explanation of the altered susceptibility observed in these
experiments is that the reticulo-endothelial cells in the livers
and spleens of treated chickens are not as effective in inacti¬
vating or detoxifying endotoxin as are reticulo-endothe1ial cells
of normal ciiickens because of reduced efficiency due to block¬
ading and possibly also, anoxic effects resulting from the anaemia.
As with other gram-negative bacterial infections, the
pathogenesis of this infection can probably be attributed mainly
to the endotoxin liberated by the b. gallinarum organisms in the
circulation and tissues. Results from previous chapters have
indicated that infection with b. gallinarum directly involved
the RES, but the wide variations of the liberated endotoxin in
the organs of the RES (Buxton and Davies, 1963) make it quite
impossible, on their evidence to relate the lethal outcome and
the overall pathogenesis of the disease to any particular pattern
of distribution of endotoxin in the tissues. It has also been
stressed in previous chapters that probably, the most striking
pathologic/
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pathologic lesion in this disease is the acute haemolytic anaemia.
The present results have enabled the following hypothesis to be
formulated to explain the significance of this haemolytic anaemia
in the overall pathogenesis of this disease: sensitization of
erythrocytes in-vivo leads to their clearance by the RES, with
subsequent development of haemolytic anaemia. The continuous,
but rapid sequestration of altered erythrocytes eventually re¬
sults in the functional impairment in the erythrophagocytic and
endotoxin-detoxifying functions of the RES of the animal, arising
from which an increased susceptibility to endotoxin leads rapidly
to death.
.although the effects of anaemia itself (for example,
anoxic changes) are not therefore the primary cause of death in
this disease, the occurrence of anaemia reflects and indicates
the series of complex pathological events which are in progress
and which are eventually lethal. All these events are triggered
off by the in-vivo sensitization of the erythrocytes and this
phenomenon must therefore be re-arded as the primary and most
significant lesion of this disease.
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CHAPTER IX
STUDIES ON SERE COMPONENTS IMil: I TING
ERYTHROCYTE SENSITIZATI ON 3Y LIPO-POLYSACCHARIDC
INTRODUCTION
The present investigations have shown conclusively
that erythrocyte sensitization takes place jn-vivo and that this
phenomenon is an essential pre-requisite not only in the induction
of the haemolytic anaemia associated with acute fowl typhoid, but
also in the primary pathogenic mechanism responsible for death.
It has also been suggested that the ability of
1ipo-polysaccharides (LPS) to interact with human and animal cells
and, under appropriate conditions, to bind tightly and irreversibly
to their surface receptors, may be a precondition for their toxic
action (Neter, 1956; 1963; Springer, 1963; Springer and Horton,
1964; Penhale, 1965). Therefore any way of interfering with this
sensitization may have an important effect on the course of this
disease.
In view of the number of reports indicating that
sensitization of erythrocytes by LPS is inhibited in-vitro by
certain factor(s) of human and animal sera (Boyden, 1950; Neter
et al., 1953, 1955; 1956; Boyden and Grabar, 1954; De Gregorio
and Di Nardo, 1955; Fine, Flocks and Fleichtmier, 1955; Springer
and Horton, 1964; Springer and Horton, 1964; Springer et al., 1966;
Ste art and McLoughlin, 1968) and possibly also by other tissue
fluids as well (Neter et al., 1952), the question therefore arises
as to how such an important phenomenon can take place in-vivo.
There/
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There have also been no reports so far on, either
the conditions necessary for cell sensitization during natural
and experimental infection, or on the rode of action of inhibitors
in-vivo. These preliminary studies were therefore conducted to:
(i) determine whether inhibitors were present in chicken serum,
and estimate their approximate levels.
(ii) determine some of their properties and the in-vitro conditions
necessary for erythrocyte sensitization.
(iii) elucidate the probable principal modes of action of the serum
inhibitor s.
(iv) determine any changes occurring in serum inhibitor
concentrations during the course of acute S.gallinarum infection.
MATLRIALS AND METHODS
Sensitizing Antigen LPS: Purified LPS fro S.gallinarum was used.
(i) Preparation of LPS: LPS was prepared and purified by the
methods described previously.
(ii) Standardization of LPS: As one of the main variables in
the estimation of serum inhibitor concentration and power, it was
essential that the amount of LPS used should be standardized in
order to ensure proper comparisons and obtain uniformity in
estimation.
Aliquots of normal erythrocyte suspensions were
sensitized with serial two-fold dilutions of a known concentration
of LPS in aphaemagglutination (HA) test, using a standard dilution
S.gallinaram antiserum (vide infra). One 'sensitizing dose'
of LPS was taken as the minimum concentration of LPS which sensitizes
the erythrocytes for complete haemagglutination. This dose was
c a 1 c u 1 a t e d /
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calculated from the total sensitizing doses, which were obtained
from the reciprocal of the final HA titre,
S .^a 111 inarurn Hyp e r immune S er um : Specific hyperimmune serum was
prepared in chickens against the O-antigen (LPS) derived from
S.gal1inarum by a multiple inoculation schedule described
previous ly. After complement inact ivat ion, it v/as standardized for
sensitized erythrocyte detection in the estimation of inhibitor
concentration at a dilution of 1:30. The undiluted serum was used
in the determination of the inhibitory activity of the chicken serum
preparations.
The antiserum was stored without a preservative at
-20°C.
Anti-chicken gamma-globulin serum: This was prepared in rabbits
by the method described previously,
Haema/glutination (IIA) and Antiglobulin HA Tests: The techniques
of both tests have been described in previous chapters. The
specificity of these tests was checked by means of heterologous
group-specific antisera (anti-:Lcoli 09 and 078 sera).
Inhibitors:
(i) Sources: Sera from normal and infected chickens were the
main sources of inhibitor studied.
(ii) Determination of effects of Time and Temperature (Heat) on
Serum Inhibitors: Normal chicken serum, at a standard dilution of
1:2 in buffered saline solution, v/as kept at various temperatures for
time periods specified below, in order to determine their heat
stability:
(a) 56°C for one hour.
(b) 75°C for 30 minutes
(c) 100°C for 10 minutes.
(d) /
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(d) 100°C for one hour.
The changes, if any, in the serum inhibitor
concentrations after these treatments were then determined,
(iii) Standardization of Serum Inhibitor Concentration: In order
to achieve uniformity in the determination and comparison of the
inhibiting activities after various treatments, standardization of
normal serum to obtain a 'minimal inhibiting' dose of the serum
components was necessary.
One minimal inhibiting dose (MID) of the inhibitor
was taken as the minimum concentration (that is, the highest
dilution) of the inhibiting substance which, by preventing the
attachment of LPS to erythrocytes, inhibits subsequent haemagglut-
ination by homologous antibody.
The same procedure used above to standardize LPS was
utilized here, except that this time, it was the normal serum
(1:2 dilation) which was serially diluted and incubated with equal
volumes of 10 sensitizing doses of LPS an.d a suspension of normal
chicken erythrocytes. The final inhibiting titre, after the
addition of a constant amount of homologous antibody to
haemagglutinate the cells, was taken as the total number of inhibit
doses present in the serum dilution used.
Estimation of Inhibitor Concentration (LSI Test): A standard
erythrocyte sensitization inhibition (JESI ) test was developed for
the assay of the concentration of the inhibitor in the serum
preparations.
Essentially a haemagglutination-inhibition test,
the SSI test involved the use of a standard amount of LPS (which
normally contained 10 sensitizing doses); a known quantity or
dilution/
dilution of the inhibitor preparation, a saline suspension of
normal chicken erythrocytes and a constant dilution of homologous
antiserum.
Serial two-fold dilutions of the inhibitor (volume
0.2 ml.) were ma e in aline, and each dilution was mixed with
an equal volume of the standard concentration of LPS. The mixtures
were then used as the sensitizing 'antigen', and O.l ml. amounts
of 1.5 per cent suspension of normal erythrocytes were added to
then. The mixtures were incubated at 37°C for one hour, with
regular mixing. After being washed 3 times in saline, the
erythrocytes were resuspended on 0.2 ml. of saline and then mixed with
an equal volume of a dilution of homologous antiserum (1:30) in an
HA test.
The inhibitor concentration (ESI titre) was recorded
as the reciprocal of the highest dilution of inhibitor preparation
that prevented haemagglutination, and hence erythrocyte sensitization.
i
Control titrations consisted of normal saline in place
of inhibitor preparation, or the absence of LPS in the test system.
Antiglobulin-ESl Test: This test consisted of performing an
antiglobulin-haemagglutination test (Chapter III) on the washed
'negative erythrocyte buttons' at the end of the ESI test.
Determination of Inhibitory Activity of Serum Preparations (SIA Test):
Apart from estimating the inhibitor concentration of various serum
preparations, the inhibitory activity or the inhibiting power of the
preparations was also assessed by a method (the 'standard inhibitory
activity* (SIA)test) similar to the ESI test, except that the SIA
test gives the final inhibitory activity as a haemagglutination titre.
The/
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The test consisted of simultaneous addition and
incubation at 37°C for one hour, of equal volumes of a fixed
quantity of the inhibitor preparatio , washed, tightly packed normal
erythrocytes and a known dose of LPS. After washing, the
erythrocytes were resuspended in saline at 1.5 per cent and then
titrated against a seria 11y diluted known amount of homologous
antiserum.
The inhibitory activity was recorded as the
reciprocal of the highest dilution of anti serum that produced
complete haemagglutination.
Investi ation of the Action of Inhibitors: To ob ain information
on the mode of action of the inhibitors, a series of experiments
was carried out to determine the effects of the inhibitors on:
(a) LPS, subsequently used to sensitise erythrocytes.
(b) Erythrocytes, subsequently sensitized by LPS.
(c) Erythrocytes, already sensitized by LPS.
(d) Antibody-coubining site of LPS, without preventing its
attachment on erythrocytes.
Assay of Serum Inhibitors From Chickens Infected with S.gal1inarum:
Daily serum samples from acutely infected chickens, and their
controls, were assayed for changes in the inhibitor concentrations,
using the ESI and antiglobulin-SSI tests.
The sera were from chickens which had been used in





Preliminary examination of a variety of randomly
selected human and animal sera (for example, horse, bovine, sheep,
pig, dog, rabbit, guinea-pig, mouse, human and chicken) showed
that a sensitization inhibitor for 1ipo-polysaccharide (LPS) was
uniformly present, but in different concentrations in the individual
sera examined. It was also noted that no difference existed between
the inhibiting power of ordinary plasma or serum; thus, plasma
inhibited erythrocyte sensitization by LPS to the same extent as
the serum.
I. Properties of Serum Inhibitors:
(i) Heat stability: Interesting observations were made
regarding the heat stability of the serum inhibitors. As shown in
Table 24, heating of the serum for one hour at 56°C did not reduce
the inhibitory activity, and serum heated at 75°C for 30 minutes was
still effective in dilutions of up to 1:128. However, heating the
serum for 10 minutes in a boiling water bath (100°C) impaired its
inhibitory activity, but only moderately (256 to 64). There was,
however, a significant loss of inhibitory activity following boiling
for one hour (512 to 8).
Repeat experiments with various serum samples from
several breed of chicken, and other animal species, showed the same
pattern and similar effects of heating on the inhibitors.
( i i ) Rate of Reaction of the Inhibit in;? Proces s : The
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possibility that the inhibitory effect takes place rapidly was
confirmed by the finding that continued contact of the inhibiting
serum preparations with 1LPS for 24 hours at 4°C did not result in
























(iii) The Inhibitor-LPS Combination: On the assumption that the
inhibitor combined with the receptor groups of the LPS responsible
for attachment to the erythrocytes, it seemed likely that if the
inhibitor-LPS combination were not a firm one, then the inhibition
titres obtained could vary, within limits of the optima of the
reagents, with the concentration of erythrocytes used for
sens tization. To test this possibility, the sensitization
inhibiting (SSI) titre of a normal serum was determined with 1,
5 and lO per cent erythrocyte suspensions the 5 and 10 per
cent suspensions being adjusted to 1 per cent for the haemagglutin-
ation stage of the test. No difference in titre against LPS
was, however, found, confirming the firmness of the inhibi tor-
LPS combination. This observation does not, of course exclude
the possibility that the serum factor caused a permanent chemical
alteration of the LPS.
2. Effects of Serum Inhibitors on Subsequent Reaction with Anti¬
bodies, as Demonstrated by means of Anti-chicken y-^lobulin "erum:
It has been demonstrated previously that the HA test
is not sensitive enough to detect minimally sensitized erythrocytes
or B[hen sensitized cells are mixed with non-sens i t i zed cells below
a certain threshold level (Chapter VI). It is q ite likely,
therefore, that the standard erythrocyte sensitization inhibition
(SSI) and the standard inhibitory activity (SIA) tests, described
above for determining inhibitor concentration and power respectivel
would not give the true 'end point', since both tests depend on the
principle of the HA test.
Experiments were carried out to determine, by use
of specific antiglobulin serum, whether erythrocytes treated with
inhibitor/
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inhibitor-LPS mixtures were capable of subsequent reaction with
homologous antibodies.
Chicken erythrocytes were sensitized by S.real 1inarum
LPS-serum inhibitor mixtures in a standard ESI test. After
washing, the erythrocytes were tested for sensitization and
globulin adsorption by subjecting them to an antiglobulin-ESI test,
using rabbit specific anti-chicken gamma-globulin serum (RAC3GS)
at a dilution of 1:40.
The experiments revealed that 11ACGGS agglutinated
erythrocytes which had been incubated simultaneously with a mixture
of LPS and serum inhibitor, and subsequently had not been agglutin¬
ated by homologous antiserum. This finding shows that chicken
globulin had been adsorbed by erythrocytes which had been ore-
treated with LPS-inhibi tor mix t .ire and the absence of previous
direct haemagglutination with homologous antibody might have been
due to the less sensitive ESI test. Thus, such apparently
negative HA-'but tons' of erythrocytes may in fact consist of a
population of weakly sensitized cells which was not demonstrable by
straight or direct haema . lutination. This interpretation is based
on the assumption that specific antibodies would be adsorbed as long
as the requisite anti ;en remains on the erythrocyte surface.
This method of increasing the sensitivity of the
test for estimating serum inhibitor concentrations was utilized
in subsequent experiments to examine the relationship between
inhibitor neutralization and concentration of LPS, and changes
which occur durin; acute S♦gal1inarum infection.
3. uantitative elationship Between the Concentrations of
Antigen (LPS) and Serum Inhibitors:
The/
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The results of experiments reported so far indicated
that the inhibitory effect of serum is dependent on its concen¬
tration and may be directly related to the LPS concentration. It
was also considered that one of the essential conditions that must be
fulfilled if erythrocyte sensitization is to take place in-vivo
during the course of bacterial infection is the complete neutraliz¬
ation or inactivation of the inhibitors at the sites of sensitization.
Experiments were therefore performed to determine the in-vitro
conditions necessary for erythrocyte sensitization, and also the
relationship between the inhibitor and LPS concentrations.
The serum inhibitor concentrations in different
chicken sera ware assayed, using the SSI and the antiglobulin-G I
tests, but the sensitizing doses of the LPS used varied from 1.5 to
2000 pgm per ml. The mean of inhibitor concentrations from 6
different normal serum samples was plotted against decreasing
concentrations of LPS, and the results are illustrated in Fig.55.
That the antiglobulin-GSI test greatly increases the sensitivity
of the SSI test, and hence detection of partial or small amounts
of sensitized erythrocytes, was clearly shown. Whereas erythrocyte
sensitization of 1500 pgm per ml. of LPS was found (using the
antiglobulin-GSI test) to have, in fact, occurred in the presence
of serum (1:2 dilution), the use of the ESI test on the same cells,
on the other hand, showed complete inhibition of sensitization.
Undiluted normal serum was found to inhibit sensitization and
s i.b sequent haemagglut inat ion by quite high concentrations of LPS.
Indeed, using the ESI test, complete neutralisation of normal serum
inhibitory activity was never demonstrated with concentration of LPS
even/
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even as high as 2000 pgm per ml. In general, however, increase in
serum inhibitor concentrations led to proportional decreases in
haernagglut inat ion and increases in haemagglutination-inhibition titres
These semi-quantitative experiments revealed that the more concen¬
trated the LPS, the more serum was required to produce complete
inhibition of sensitization of erythrocytes, thus confirming earlier
impressions which indicated probable concentration dependence of
the inhibitory effect of serum.
4, Serum Inhibitor Changes During Acute 5,Infection:
The results of daily assay of serum inhibitor
concentrations of a group of chickens (and their controls) which had
been infected with S,gal 1inarum are shown in Fig.56. These
representative animals were acutely infected and none survived.
Their serum inhibitor concentrations showed slight,but probably
significant, decreases towards the time of death. It is seen also
that the more sensitive antiglobulin-ESI test demonstrated more
profound ecreases in inhibitor concentrations during infection
than with the SSI test.
It is also of great interest to note that the lowest
inhibitor concentrations were detected at a time when the erythro¬
cytes were sensitized and the resulting anaemia was severest (See
Figs.10-16 in Chapter III): but it is also significant that
inhibitor levels never fell to the point where in-vivo sensitization
could conceivably occur in a general and widespread scale throughout
the circulation. These results, therefore, indicated that, whilst
it is clearly possible to neutralise inhibitor concentrations, this
must occur in-vivo in restricted sites and not as a general
phenomenon/
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phenomenon in the circulation.
5. The Po sible Mode of Action of Inhibitors:
(i) Inhibitory Effects of Serum on Haemagplutination: The present
studies have confirmed earlier observations of other workers (vide
supra) that serum in some way affected the in-vitro sensitization
of erythrocytes by LP'S so that subsequent haemagg lut inat ion by
specific anti-LPS serum did not occur. However, the standard
sensitization inhibition test employed per se gave no information on
the mode of action of the inhibitors. Therefore, the following
experiments were conducted to elucidate the possible mode of action
of these inhibitors.
(ii) Influence of Serum Inhibitors of drythrocyte Coating If fee t of
LPS: To show whether the inhibitors act directly on LPS by either
neutralising or altering those sites on the LPS which combine with
the erythrocyte surface to prevent its subsequent adsorption by
erythrocytes, LPS (containing approximately lO sensitizing doses)
was mixed with at least 50 MID of serum inhibitors. (For controls,
normal saline was substituted for serum inhibitors). After
incubation at 37°C for one hour the mixtures (inhibitor-treated
LPS) were then used to sensitize normal chicken erythrocytes, which
were finally tested for haemagglutination with serially diluted
homologous antiserum in a SIA test.
As Table 25A shows, the experiments revealed that the
LPS, treated with inhibitors, in contrast to the untreated LPS
(saline control), failed to sensitize the erythrocytes as indicated
by absent haemagglutination (HA) by homologous antiserum.
These experiments have demonstrated that the LPS
af ter/
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after previous contact with the inhibitors, failed to sensitize
erythrocytes for agglutination with homologous antibodies as
evidenced by complete inhibition of the HA, These inhibitors may,
therefore, act either by neutralising or by altering the
erythrocyte-sensitizing sites on the LPS,
(iii) Effects of Inhibitors on Erythrocytes and Subsequent
Sensitization by LPS: The possibility existed that these inhibitors
may initially act on the erythrocytes, rather than on the LPS, to
inhibit HA in 2 possible ways:
(a) their interaction with the LPS-combining sites on the
erythrocytes, therefore interfering with subsequent adsorbtion of
LPS by the cells.
(b) Rendering the erythrocytes inagglutinable, without actually
preventing LPS adsorption.
The former principle was investigated by performing
a series of experiments to determine the effects of inhibitors on the
erythrocytes which were subsequently sensitized by LPS.
0.15 tightly packed erythrocytes was incubated for
30 minutes at 37°C with approximately 250 MID of serum inhibitors.
(Control experiments were performed with normal saline replacing
the inhibitors). The cells were then thoroughly washed and
subsequently exposed to LPS to be sensitized in the usual manner.
Aliquots of erythrocyte suspension in saline were then mixed with
serially diluted homologous antiserum and HA determined.
The experiments revealed that the inhibitors did not
substantially affect haemagglutination when they were allowed to
act initially on the erythrocytes prior to sensitization with LPS.
(Table 25B). These results therefore showed that the inhibitors do
not/
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alter the surface of erythrocytes, thereby interfering with their
subsequent adsorption of LPS.
(iv) Effects of Inhibitors on Erythrocytes Already Sensitized:
As previously mentioned, the other possible effect of the action
of inhibitors on erythrocytes is to render them inagg1utinable
without actually preventing attachment of LPS to the erythrocyte
surface. This possibility was examined by experiments designed
to show the effect of inhibitors on erythrocytes already sensitized.
drythrocytes, sensitized with LPS, were incubated
with the inhibitors in the manner described above. After washing
they were mixed with dilutions of homologous antiserum to
agglutinate. The results, shov/n in Table 25C again confirmed the
complete lack of inhibitory action on erythrocytes as indicated
by the absence of any inhibition of haemagglutination. The
inhibitors, therefore, do not render the erythrocytes inaggliit inable
by homologous antiserum.
(v) Effects of Inhibitors on Antibody-neutralising Capacity of
LPS: It is conceivable that the inhibitors may interect with LPS,
and by altering it, shield its antibody-combining site without
preventing its attachment to the erythrocyte surface. This
possibility was studied mainly in haemagglutination-inhibition
(HA-I) assays by determining the effect of inhibitors on the
antibody-neutralising capacity of LPS.
lO sensitizing doses of LPS were exposed to 50 I.fID
of serum inhibitors, and after incubation for one hour at 37°C, the
mixture was serially diluted in saline (volume 0.1 ml.). Then,
0.2 ml. volumes of a known amount of homologous antiserum were
added/
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added to the LPS -inhibitor mixture and then incubated for a
further 30 minutes. Finally, 0.2 ml. amounts of erythrocytes,
sensitized in-vitro with 10 sensitizing doses of LPS, were added
to the mixtures and incubated again.
Control experiments consisted of untreated LPS in
saline (that is, without the inhibitors). Specifictv of these
reactions was checked by incorporating a heterologous system in the
form of £. col i LPS and its homologous antiserum.
The results of these experiments are shown in
Table 25D, and they reveal that no decreases in the haemagglutination-
inhibition (HA-1) titres, as compared with the control experiments,
occur after exposing the LP: to inhibitors. These observations
indicate that there is no enterference with the antibody-
neutralising capacity of the LPS by the inhibitors. The results also
show that this antibody-neutralisation is specific, since the
heterologous system, involving S.coli LPS and its antiserum, was
incapable of showing any HA with S, gal 1 inarurn LPS and its antiserum.
The aoove results strongly indicate that the inhibitory
action on haemagglutination is neither due to the shielding of the
antibody-coubinin , sites of the LPS, nor to the alteration of LPS
in such a way as to preclude its reactivity with the homologous
antibody. These observations therefore show that the inhibitors
do not destroy or have any effect on the antigenicity of the LPS.
DISCUSSION
The present study confirms previous observations
that a non-specific inhibitor for endotoxin, used as an erythrocyte
sensitizing/
sensitizing antigen, commonly occurs in normal human and animal
sera (Neter et al., 1952; 1953, 1955, 1956; De Gregorio and
Di Nardo, 1955; Springer and Horton, 1964; Springer et al., 1966;
Stewart and McLoughlin, 1968), The present investigations have,
however, shown that the LPS attachment of erythrocytes was inhibited
by heat-stable components of the serum, which, under in-vitro
physiological conditions, probably interact with, or alter the LPS
in such a way as to prevent coating of erythrocytes. The extreme
heat stability of these serum components was indicated by the
finding that normal chicken serum, heated at 100°C for 30 minutes,
was still effective as inhibitor in dilutions up to 1:80.
The nature of the inhibitor(s) was not definitely
determined, but from studies not recorded here, its Sephadex G200
fractionation and sodium sulphate precipitation characteristics
indicated that the inhibitors are non-antibody serum components.
This conclusion was based on the finding that significant inhibitory
activity could not be demonstrated in the albumin and gamma-globulin
fractions of the serum.
The actual inhibiting process was found to be
relatively rapid, and its interaction v/i th the LPS was also deter¬
mined to be reasonably firm. Furthermore, it was found that the
serum inhibitory effect was dependent on the concentration of LPS:
the more concentrated the serum, the more endotoxin is reqiired
to effect complete haemagglutination.
The present experiments have demonstrated that the
serum inhibitors do not interfere with the haemagglutinati on process
by the antibody, but the standard sensitization test per se gives
no information on the mode of action of the inhibitors. An
inhibitor/
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inhibitor may exhibit a number of principal effects. It may (a)
neutralise (block) or alter (chemically) those sites on LPS which
combine with the erythrocyte surface; (b) block or alter the
LPS-receptor sites on the erythrocyte surface; (c) interact with
erythrocyte in such a way as to render it inagglutinable, without
actually preventing attachment of LPS to the erythrocyte surface;
or (d) interact with the LPS by shielding its antibody-combining
sites without preventing its attachment to the erythrocyte surface.
Finally, an inhibitor may exhibit a combination of these properties.
Experiments designed to elucidate the principal modes of action of
the serum inhibitors, and depicted in Table 25, strongly indicate that
these inhibitors primarily act by preventing the attachment of LPS
to erythrocytes, and this could be achieved by either the blocking
(neutralising) or chemically alteiing the receptor sites on the
LPS. Inhibitors were found not to interact with the erythrocytes,
and probably also, they may have no other interfering effect.
The conclusion that the inhibitors act by altering
the LPS in such a way as to block or alter its erythrocyte-
sensitizing sites is supported by the finding that the inhibitors,
after previous contact with LPS, completely inhibited haema ,glut in-
ation (Table 25A) In contrast, they did not affect haemagglutin-
ation when they were first allowed to act either on normal erythrocytes
(Table 253) or on erythrocytes already sensitized (Table 25C).
These observations indicated clearly that the inhibitors do not
attach to (block) or alter the surface of erythrocytes, thereby
interfering with its subsequent adsorption of LPS. This conclusion




render the sensitized erythrocytes inagglutinable by homologous
antiserum, and had also not prevented subsequent LPS adsorption
by erythrocytes when they were allowed first to act on normal
erythrocytes prior to sensitization with LPS.
The failure of the inhibitors to alter the
antibody-neutralising capacity of the LPS, as evidenced by the
absence of any changes in the haemag&lutination-inhibition
titres (Table 25D) would appear to indicate that the inhibitory
action is neither due to the shielding of the antibody-combining
sites of the LPS, nor to an alteration of the LPS in such a
way as to preclude its reactivity wi th homologous antibody.
The results also denonstrate that the inhibitors do not destroy
or have any effect on the antigenicity of the LPS; they suggest
that the inhibitors combine v/ith, or alter, those groups on the
sensitizing bacterial antigen, other than those responsible
for combination with specific antibody. These groups have
been indicated by the present experiments to be those directly
responsible for combination of LPS v/ith the erythrocyte. In
this connection, the possibility must be considered that the
LPS-combining groups on the inhibitors are, in fact, identical
with the LPS-combining groups on the erythrocyte. As yet,
little is known about the nature of the erythrocyte receptors to
which LPS attach, or which parts of the LPS molecule fixes
itself to the erythrocyte surface.
The first efforts to identify an erythrocyte receptoi
responsible/
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responsible for adsorption of bacterial antigens (Mycobacterial
polysaccharides) appear to be those of Boyden (1950), who noted
that an alcohol-ather (3:1) extract of horse erythrocytes contained
some substance(s) capable of inhibiting competitively, the
sensitization of horse erythrocytes by mallein to agglutination by
anti-mallein sera. Recent studies by Springer and colleagues
(Springer et al«. 1966; Pavlovskis and Springer, 1967), have, however,
established that pure "LPS-r&ceptor" from human erythrocytes could
be obtained by extracting the homogenised stroma with n-butanol:
water (1:1), pH 8 at 37°C. Activity was found to reside in the
■^.aqueous phase. An imaginative investigation, which has yielded
at least a limited amount of information on the mode of attachment
of bacterial antigens (£. c o 1 i LPS) to erythrocytes is that of
Davies and colleagues (Davies et al., 1958), who based their studies
on the well-known observations that both heating and alkali
treatment of bacterial polysaccharides enhance the sensitizing
activity (Neter, 1956). The absence of a direct relation between
coating ability and the lipid component of LPS was noted, and the
effect of alkali was shown to be the removal of O-acetyl. They
hypothesised that the O-acetyl residues inhibit adsorption on to
erythrocytes, and considered it unlikely that bacterial lipid plays
a significant part in prevention of erythrocyte sensitization.
Nevertheless, Tsumita and Ohashi (1964), with reference to tubercular
polysaccharide, have since presented convincing evidence in support
of the contention that the lipid moeity of LPS is essential for the
sensitization of erythrocytes, and that cholesterol in erythrocyte
stroma seems to have a significance in the process of sensitization.
Fur thermore/
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Furthermore, the recent finding that the receptors responsible
for the O- and Vi-antigen fixation are the lipoids of the
erythrocyte surface (Karalnik, 1965; 1967) lends further support
to this possibility. It is also worthy of note that serum albumin,
^2, j3-lipop oteins, cholesterol,lecithin, and other lipid-rich
substances, have been found to be potent inhibitors (Neter et al..
1952; 1953; 1955; De Gregorio and Di Nardo, 1955; Springer and
Horton, 1964; Springer e t al., 1966).
In spite of the inhibitory effect of serum, in-vivo
sensitization of erythrocytes has been observed, both as a common
occurring phenomenon during acute S,gal 1inarum infection of chickens
and less commonly, in other gram negative bacterial infections of
man and animals. The problem of erythrocytes being sensitized
in-vivo in the presence of these serum inhibitors has only slightly
been elucidated by the following observations: that significant
reductions in the serum inhibitor concentrations occur during acute
fowl typhoid; significantly, these decreases coincide with the
time of detection of sensitization and severe anaemia (Fig.56).
It is also of interest to speculate if these decreases are related
to the marked reductions in serum cholesterol and phospholipid
levels in chickens infected with S.pullorum (Lambe and Holtman,
I960).
There have been no previous reports on the conditions
necessary for in-vivo erythrocyte sensitization during natural or
experimental infection, but the present observations strongly suggest
that at least 2 necessary conditions must be fulfilled in order to




(a) large amounts of the polysaccharide must be present in the
vicinity of the cells to be sensitized;
(b) serum inhibitors must be below a certain critical level,
or must be neutralised by LPS in these restricted areas.
It is significant that inhibitor levels during acute
fowl typhoid never fell to the point where in-vivo sensitization
could conceivably occur in a general and widepsread scale throughout
the circulation. These observations, therefore, indicated that,
whilst it is clearly possible to neutralise inhibitor concentrations,
this must occur in-vivo in restricted sites andnot as a general
phenomenon in the circulation. This suggestion is favoured by
the finding that even with large quantities of LPS, complete
neutralisation or inactivation of inhibitory activity present in
the undiluted normal chicken serum was never demonstrated by using
the ESI test alone and (Fig.55), unless the ore sensitive anti-
globulin-SSI test was also employed; quantities of endotoxin,
larger than those indicated in the present results, tended to lyse
the normal erythrocytes. The fulfilment of the above conditions
for in-vivo sensitization could also explain the paradox of co¬
existence of in-vivo sensitized erythrocytes and significant levels
of inhibitors in the circulation of chickens with acute fowl
typhoid.
Since serum inhibitors probably effectively prevent
access of endotoxins to cells remote fiom the actual site of
bacterial multiplication, it would seem likely that they could well
be playing an important role in the defence of the body against
some of the results of gram-negative bacterial infection. This
as sumption/
assumption is in agreement with the suggestion that the ability
of LPS to interact or attach itself to human and animal cell
Its
surfaces may be a pre-condition for toxic action (Neter,
1956; Springer, 1963; Springer and Horton, 1964; Penhale,
1965). It is possible that, in general, the main biologic signif
cance of the inhibitors is physiological, and the blocking or
altering action may be contributing to the inactivation of a wide
spectrum of toxic bacterial sabstances.
CHAPTER X
C.ENER.IL UlBCUbbluN AND CUNCLUblONS
(A) GENER.J-i LlbCUSblQN:
The studies reported in this thesis confirm previous
reports that in-vivo sensitization of erythrocytes occurs con¬
currently with a severe anaemia auring acute fowl typhoid (Buxton,
1959 a,b; i960), and they establish conclusively that the main
in-vivo sensitizing factor is a specific bacterial lipo-poly-
sacchariue which is directly responsible .or the initiation and
induction of the anaemia. This anaemia is also clearly shown here
to be haemolytic, and extravascular. Although previous reports by
Buxton (1959 a; i960) have suggested that increased destruction of
erythrocytes may be responsible for this anaemia, the present studies
have presen.ed direct evidence to support this suggestion.
The probable rnecnanism of this anaemia has not been
determined until the present studies, which sug est that immuno¬
logical factors may be directly involved in the destruction of the
ery throcytes. Unlike the conclusions to the contrary by Ho and
Kass (1958) which were drawn for experiments in rabbits, immunological
mechanisms may be responsible for the liaernolytic anaemia observed in
chickens after single or multiple intravenous administration of
b.ual1inarum endotoxin. The possibility that endotoxins owe their
haemolysis-inducing property not only to their antigenicity and
ability to sensitize erythrocytes in-vivo. but also the host's
relative insusceptioi1ity to endotoxin, offers an elegant explanation
for this striking induction of an immuno-haemolytic anaemia by
endotoxin/
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endotoxin injection in the normal chicken and also the presence of
the dual-phenomena of in-vivo sensitization and haemolytic anaemia
in n, gal 1 inaruin infected chickens phenomena which, it appears
from published evidence, a e not so readily demonstrable in other
species.
It has been shown in the present studies, that
relative susceptibility of chickens to endotoxins occurred only after
the animals have been pre-injected (and therefore sequestered) with
heterologous or in-vivo sensitized erythrocytes. The animals,
however, became highly susceptible if both phenomena of erythro-
phagocytosis (and hence, presumably, ilTS blockaaed) and anaemia were
present. In contrast, the anaemia per se did not increase the
susceptibility of the animal to endotoxin. These observations lead
to -he important conclusion that as a result of in-vivo sensitization
the susceptibility of chicken to endotoxin is greatly increased, and
tiiis is therefore an extremely significant factor in the overall
pathogenesis of this disease. These important findings explain the
anomaly why a species, which is so refractory to endotoxin, can be
infected with, and is extremely susceptible to, a gram-negative
endotoxin-proaucing organism. Fowl typhoid infect _>n is therefore
no exception to the generally accepted hypothesis that the endo.toxic
component is the chief factor in the pathogenesis of these ,ram-
negative bacterial infections.
Taken together, the findings reported in this thesis
have enabled a plausible hypothesis to be formulated to account for
the increased destruction of erythrocytes during acute fowl typhoid;
the postulated mechanism of the haemolytic anaemia is illustrated
in Fig.57. Evidence bearing on the mechanism can be adduced by
hypothesising/
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hypothesising rapid phagocytosis of erythrocytes which have become
coated (sensitized) with specific bacterial 1ipo-polysaccharide and/
or specific bacterial polysaccharide-antibody complex. The specific
bacterial olysaccharide released during infection sensitizes both
the erythrocytes in-vivo and induces de nevo specific antibody;
the interplay between these processes causes rapid seguestration and
destruction of erythrocytes, mainly by the u.. . The suggest :a
mechanism resembled the Type II hypersensitive reaction of Gell and
Coombs (1963) , and complement may or may not be involved. A
similar mechanism has been shown to be responsible for the enici11 in
(Hapten)-induced i uauno-haemolytic anaemia (Levine and Aedmond, 1967;
Dacie, 19b8; Croft, Swisher, Gilliland, Bakemeier, Lcddy and eed,
1968; C .stairs, 1968; ..orlledge, 1969).
Although the evidence .resented here clearly suggests
that the above mechanism is the most probable one, there are also a
number of possible ways by which, in general, a gram-negative
bacterial infect 101 could damage erythrocytes in-vivo, and thus lead
t their rapid destruction and consequence produc ion of a haemolytic
episode:
(1) By the irect effect of bacteria on erythrocyte; durin infection.
It is possible that a bacterial product may bring about dir;ct
agglutination of the erythrocytes, as a wide variety of the enteric
bacteria (for example, almondla. E.co1i. Bruce 11 a and Vibrio) have
been reported to be capable of acting in this way in-vitro (Neter,
1956). Whether this mechanism often operates and brings about
haemolysis in-vivo during infection is unknown. It is unlikely,
however, that this mechanism occur n-vivo to any great extent in
general/
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general, and if it does, it is doubtful if it is very important as
a cause of increased erythrocyte destruction in acute enteric infect
ions. Certainly this phenomenon was not observed in this disease,
(2) By T-antigen transformation (the Thornsen-Friendenreich and
polyagglut:nabi1ity phenomena). The phenomenon in which the
erythrocytes un, ergo transformation by bacterial enzymes so as to be
become polyagglutinable by normal serum, irrespective of the blood
groups, can occur both in-vitro and in-vivo. The in-vitro trans-
formation, known as the Thousen-Friendenreich (T-F) phenor :aon,
is normally seen in old blood sam, les with bacterial contamination
(heepmaker, 1952; deter, 1956; bpringer, 1963). The consensus of
opinion seems to be that the very similar, but more uncommon, in-
vi vo phenomenon (termed :o1yagg1utinabi1ity) and the T-F phenomenon
are identical because of ihe outstanding fact that in most cases of
polyagglutinaoi1ity a bacterial infection can be shown to be present
(Eishra, 1959; Chorpenning and Hayes, 1959; Evens, Bingham, Hickey
and Hassett, 1959; Evans, Bingham and reiser, 1963). It is very
likely that enzymes are liberated by the infecting organisms which
activate the T-agglutinogen and transform the erythrocytes in-vivo
(Ejby-Poulsen, 1954). whether this nenomenon of olyagglutinabi1i
can subsequently cause destruction of erythrocytes has not been
proved, and it remains a possible rare cause of haemolysis, at least
in human bacterial infections (Bausett, Moullec and Bernard, 1959).
Indeed, preliminary experiments conducted during the present studies
showed that polyagglutinabi1ity did not occur during fowl typhoid.
(3) By splenic hypersequestration due to splenomegaly, as a direct
consequence of generalised hypertrophy of the ius: • • The possibility
that the hyp.rtrophy of the hEb (e cially the spleen) which occurs
as/
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as a consequence of bacterial infections, particularly in relation
to human typhoid and others(Jandl at al.. 1957; Jandl, Jacob and
Daland, 1961; Craddock, 1962; Wagner et al,. 1963) may lead to
increased destructioxi of erythrocytes has often been speculated upon.
However, it has proved very difficult to obtain satisfactory evidence
in its favour, although more recent clinical and experimental work
has provided further evidence which support the above concept
(Sherman and Friedbll, 1962; Wagner et al.. 1963; Jacob, 1966).
(4) The auto-immune alteration of erytnrocytes by the infecting
bacteria. Genuine anti-erythrocyte antibody haemolytic anaemia has
often developed following virus infections (Dacie, 1963), but it still
remains uncertain whether bacterial infection, by itself, is capable
of initiating an auto-immune haemolytic anaemia. However, this
appeared to be possible in a few cases in Dacie's patients (Dacie,
1963; see his Table 14)i Nevertheless, the case for this mechanism
is not very convincing, and certainly is not proven because the
presence of positive direct antiglobulin tests cannot, on their own,
be accepted as evidence that anti-erythrocyte antibodies are being
produced; a reaction between immune antibody and adsorbed bacterial
antigen (polysaccharide) has to be excluded, as has been shown in
the present studies*
The observed facts which support the hypothesis
offered above for the induction of the anaemia of acute fowl typhoid
include:
(a) The failure to demonstrate anti-erythrocyte antibodies.
(b) The presence of specific bacterial polysaccharide, hoth in the
serum and on erythrocyte surface.
(c) The presence of antibodies to these polysaccharide antigens.
(d)/
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(d) The development of anaemia following injection of either poly¬
saccharide alone or together with anti-polysaccharide antibodies
into normal animals. More important, however, direct evidence of
increased erythrocyte de truction (for example, signs of erythrocyte
damage, increased hae :olysis and attempted repair) were all
demonstrated during acute fowl typhoid. A scheme, summarising the
observedand postulated consequences of immune destruction of
erythrocytes in this disease, is shown in Fig.58. Avery sign
indicated in tnis scheme was either observed or determined uring
i lives t i gat ions into the various aspects of this disease. The
results provide convincing evidence in support of the suggestion that
increased destruction of erythrocytes alone may account for the
severity of the observed naemoiytic anaemia.
From the experiments on in-vivo destruction of
erythrocytes damaged by immune mechanisms, it is clear that the
fate of such cells is subject to considerable variation as to the
31
rate and sites of destruction. From the i^resent studies with Cr
labelled-erytin^cytes, and other evidence by Jandl et a1.t 1957)
Mol1ison and Hughes-Jones, (1958) Mo 11is on, (1959; 1962; 1967)
Jandl and Kaplan (I960) and Mollison, Jrome, Hughes-Jones and
Rochna (1965), the following general principles can be established:
as a rule, erythrocytes which are severely da .aged, or are removed
very rapidly from the circulation, are sequestered primarily in the
liver. This hepatic sequestration is probably by virtue of the
blood flo pattern of the liver. The spleen appears to be more
concerned with less drastically injured erythrocytes, and removal
of cells proceeds more slowly. This unique capacity of the spleen
to recognise, sequester and destroy erythrocytes so altered, appears
to/
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to depend principally upon the distinctive anatomic arrangement of
the splenic reticulo-eadothe 1ial cells and vasculature (Barcroft
and l-oole, 1957; Harris, cAl lister and Prankerd, 1958; neiss,
1962; xvifkind, 1965; andl, Files, Barnett and Hacbonald, 165),
Commonly it is the fixes, macrophages of the k£b that
are responsible for the final stages of the extravascular haemolysis
and erythrophagocytosi s. The final stages of in-vivo destruction
of erytiirocytes, following the initial trapping of the injured
erythrocytes, are still poorly understood, but recent reviews by
Leddy (19o6) hifkind ( 19o6) and Jandl (1966) summarise and evaluate
the present knowledge and clarify the general and selective in»vivo
mechanisms implicated in the final stages of the destruction of
erythrocytes,
There have oeen no previous reports on the conditions
necessary for in-vivo erytnrocyte sensitization during natural or
experimental infection, but the present findings, particularly serum
inhibitor changes, strongly suggest that the necessary conditions
which must be Fulfilled in orusr to permit in-vivo erythrocyte
adsorption of specific bacterial lysaccharide to occur must
include:
(a) the presence of large amounts of polysaccharide in the vicinity
of the cells to be sensitized;
(b) the neutralisation of inhibitor by LPS in these areai, or the
reduction of serum inhibitors below a certain critical level in
these restricted sites. It is impossible to oecide sow these
conditions are fulfilled during acute fowl typhoid, but from the
available evidence, it is reasonable to suggest that in-vivo
sensitization occurs in areas of maximum infection; for example,
in/
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in the RES and intestinal walls. In these sites of massive bacterial
multiplication, erythrocytes may be exposed to relatively high
concentrations of polysaccnariae during the course of circulation
through them.
arum inhibitors of sensitization may probably be
playing an important role in the defence of the body against some of
the results of gram-negative bacterial infection by effectively
preventing access of endotoxins to cells; the blocking or altering
action of the inhibitors may there ore be contributing significantly,
but indirectly, to the inactivation or detoxification of the
endotoxin. The demonstration of this inhibitory effect of s am
suggests that concentrated preparations of these serum components
( non-gamma-g 1 obul ins) may be of therapeutic value, as a general
prophylactic measure, in gram-negative bacterial infection:.
Reports by other workers have suggested that the
phenomenon of in-vivo erytnrocyte sensitization may have other roles
to play in the host response tc endotoxin. For instance, Gramlich
and hluller ( 19oi) , Springer and Horton (1964), and Springer ( 1967)
have argued that this sensitization of erythrocytes may point to a
transport or detoxifying function of the individual erythrocyte pool,
whereas the findings of Hill and Weiss ( 1964) are in favour of a
causal relationship between erythrocyte sensitization and the lethal
effect of endotoxin. Hill and Weiss found a relationship between
the high degree of susceptibility of A-strain mice to the lethal
effect of endotoxin and the affinity of these animals' erythrocytes
for killed salmonellae and their 1ipopolysaccharide components.
The recent finding of high susceptibility of strain A mice to both
endotoxin/
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endotoxin ana sub-lethal endotoxin-erythrocyte mixtures (Heppner and
..eiss i 1965) confirms the previous observations of Hill and Heiss
(19o4).
The suggestion that endotoxins owe their lethal
activity, not only to their antigenicity, but also their ability to
sensitize or to attach to tissue ceils (dieter, 1956; 1963; pringer,
1963; Bpriixger and iiorton, 1964; Penhale, 1965) oifers an elegant
explanation for the concept that allergic reactions may play a
si nificant part in the pathogenesi of gram-negative oacteri-^1 infect¬
ions. suxton anc Allan ( 1963) .u. dux ton and oavies ( 1963) have
previously suggested that hypersensitive reactions are iavolv in the
pathogenesis of .-.gall inaruta infection in chickens. Certainly, the
striking similarity between the clinical signs of acut fowl typhoid
(Chapter II) and anaphylactic shock in cnickens (Makiaodan . t al♦.
1952; .ironson c c a 1. . 1961) indi cates that, rather than resulting
from to. leiiia, the axain manifestations of the disease can be e plained
to a large extent by a hypersensitive reaction. .vide ce has also
been presented b/ Buxton and colleagues that the white blood cells
coula be shown to be passively sensitized with antibody, renderi ,.t
them susceptible to Hypersensitive (anaphylactic) reaction (that is,
a Type I according to Gell and Coombs* (1968) classification). The
present observations, however, demonstrating, as they o, the eas of
adsorption of bacterial 1ipopolysaccharide on to erythrocytes and
possibly other tissue cells (leucocytes) well (see revi ws by
Z>..eifach and Janoff, 1966; and iNowotny, 1969), would suggest that
the symptomatology and the pathogenesis of o. gal 1 inarurn infection in
chickens may be the direct result of a hypersensitive reaction in
which primary attachment of bacterial antigen to the cell surface
sensitises/
sensitises it to the cytotoxic effect of homologous antibody (Type II
Gell and Coombs' hypersensitivity). Similar allergic factors may
also be operating in other gram-negative bacterial infections.
The highly significant findings which have evolved
from studies on tnis disease point to several intriguing lines of
investigation, and in the light of the current emphasis on all
aspects of comparative medicine and the use of bio-medical models,
it is concluded that the chicken and the fowl typhoid syndrome have
useful roles to play, as they offer^useful animal model for the study
of both the pathogenesis of gram-negative bacterial infections and
the mechanisms which ultimately lead to haemolytic episodes in these
inf ec tions.
(B) CCNCLUdIONd:
The conclusions reached as a result of the present
studies are that:
(1) Adult chickens are extremely susceptible to infection with
o.Hal1inarum, and one of the most conspicuous patnological changes
resulting is the development of a very severe, macrocytic, normo¬
chromic, haemolytic anaemia.
(2) The erythrocytes regularly become sensitised during the course
of infection, and these cells have greatly increased osmotic fragility
(3) The in-vivo sensitizing factors are specific bacterial poly¬
saccharide (LPS) and homologous antibody.
(4) This phenomenon is intimately associated with a critical stage
of the development of the anaemia.
(5) The erythrocytes are 'maximally' or heavily sensitized in-vivo
and the cells recovered from infected animals consist of a mixed
heterogeneous/
hetero. ueous population of a small minority of 'maximally' sensitized
erythrocytes and large numbers of non-sensitized immature rocytes
(reticulocytes).
(6) Distinct types of in-vivo sensitization occur, and a relation¬
ship exists between the type of in-vivo sensitization, the everity
of the haemolytic episode and the duration of infection.
(7) Antibody-mediated destruction of erythrocytes probably accounts
wholly for the severity of the anaemia observed.
(8) The erythrocyte life-span of an infected chicken is reduced to
approximately one-sixth that of the normal animal, and the spleen
and liver are the main organs responsiole for the final des t c tion
of these cells.
(9) The site of reticulo-endothelial destruction is dependent Upon
the degree of erythrocyte surface alteration by bacterial poly-
aacchariae, Erythrocytes which are maximally sensitized in-vitro
are rapidly cleared in normal chickens; clearance by the liver is
greatly enhanced by the prese.ee of homologous anti-endotoxin anti¬
bodies. Minimally in-vitro sensitized cells are, however, destroyed
relatively slowly by the spleen, ana he presence of homologous anti¬
body does not seem to affect the rate of clearance.
(10) Haemolytic anaemia can be produced experimentally in chickens
by single or repeated injections of endotoxin alone after a latent
period of 4 - 5 days.
(11) Haemolytic anaemia can be induced within a few hours of the
injection of endotoxin in combination with homologous antibody.
(12) nnaemia, as it occurs in fowl typhoid, is an extremely sign¬
ificant factor in the overall pathogenesis of the disease because it
result s/
results in REo blockade. Anaemia per se does not increase
susceptibility of chickens to endotoxin, but as a result o -vivo
sensitization and phagocytosis of erythrocytes by the RES, the
susceptibility of these ani. ials to endotoxin is greatly increased.
(13) The above findings may explain the anomaly that a species which
is so refractory to endotoxin can be infected with, and is extremely
susceptible to, an endotoxic-producin organism ( t>. Kal 1 i narum) .
(1<..) In addition to erythrocytes, >ensitization may occur elsewhere
in other tissues and may play a significant part in the overall
pathogenesis of this disease.
(15) Normal chicken serum contains Riga levels of neat-stable, non¬
specific, noil- immunog 1 obul in s bstances which inhibit erythrocyte
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